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ABSTRACT 


ELECTROCHEMICAL  OXIDATICHi  OF  FORMIC  ACID 

By 

Robert  Slott 

This  report  Is  identical  to  a  thesis  submitted  to  the  Department  of  Chemical 
Engineering,  Massachusetts  Institute  of  Technology,  January ^  1963 >  in  :>artisl 
fulfillment  oi  the  requirements  for  the  degree  Doctor  of  Science. 

This  investigaticm  was  undertaken  to  obtain  a  better  understanding  of 
the  mechanism  of  the  electrochemical  oxidation  of  formic  acid  on  a  plain 
platinum  electrode*  Attention  vas  focused  on  the  unusual  voltage  behavior 
observed  in  formic  acid  solutions,  namely  the  minimum  open  circuit  potential 
observed  after  an  oxide  was  caused  to  form  on  the  platinum  electrode  and  the 
rise  in  potential  at  open  circuit  after  this  minimum  potential  had  developed* 
Experiments  were  carried  out  to  determine  the  effect  of  pretreatment  on  sub* 
sequent  electrode  performance  and  to  gain  insight  into  the  nature  of  the 
galvanostatic  voltage  oscillations  observed  with  formic  acid  solutions* 

Tae  effect  of  electrode  pretreatnent  on  chronopotentiometry  and  current* 
potential  double  layer  capacitance  relationships  vas  determined*  Minimum  open 
circuit  potentials  were  obtained  as  a  function  of  pH  in  the  presence  of  nitro¬ 
gen,  carbon  monoxide,  and  carbon  dioxide*  Capacitance-potential  curves  were 
obtained  at  constant  potential  in  H2S0|^  as  a  function  of  formic  acid  concern 
tiration*  In  the  same  system  capacitance-potential  relationships  were  studied 
during  galvanostatic  voltage  oscillations* 

It  was  concluded  that  the  minimum  open  circuit  potential  observed  with 
formic  acid  on  platinum  in  neutral  and  acid  media  is  due  to  the  presence  of 
hydrogen  on  the  electrode*  Itae  rise  of  potential  at  open  circuit  was  ^ound 
to  be  caused  by  the  adsorption  of  an  unknown,  uncharged  organic  species  on 
the  platinum  electrode*  Both  the  hydrogen  and  the  uncharged  organic  species 
were  formed  from  the  chemical  decomposition  of  formic  acid. 
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Since  the  adsorbed  organic  species  was  more  difficult  to  oxidize  than 
formic  acid  and  It  forms  rather  slovly,  the  electrode  performance  is  highly 
dependent  on  previous  electrode  pretreatment.  There  were  strong  Indications 
that  this  unknown  species  was  carbon  monoxide. 

The  adsorbed  species  seems  to  be  the  cause  of  the  voltage  oscillations. 
Platinum  oxide  may  also  play  an  important  role. 
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I.  SIM4AHY 


A.  Introduction 

In  recent  years  much  interest  and  study  has  been  centered  on  the  mechanism 
of  the  electrochemical  oxidation  of  simple  oxygenated  organic  corapoiinds  on 
noble  metals.  The  reason  for  this  rexxvai  of  activity  in  the  field  of  electro¬ 
chemical  oxidation  of  these  materials  can  be  traced  to  the  rapidly  growing 
interest  in  the  fuel  cell  as  an  energy  conversion  device.  The  fuel  cell  nae 
long  been  known  to  be  a  medium  for  converting  chemical  energy  directly  to 
electrical  energy.  However,  it  is  only  recently  that  practical  applications 
of  fuel  cells  have  seemed  feasible. 

One  of  the  more  interesting  types  of  fuel  cells  being  considered  is  the 
low  temperature  fuel  cell  fed  with  a  water-soluble  organic  fuel.  This  has 
the  advantage  of  operation  at  atmospheric  pressure  and  low  temperature  using 
fuels  which  are  relatively  inexpensive.  A  principal  bottleneck  in  the  de¬ 
velopment  of  all  fuel  cells  lies  in  the  current  outputs  per  unit  area  of 
electrode  surface  achievable  at  practicable  potentials.  This  problem  is 
especially  severe  with  unreactive  fuels  such  as  saturated  hydrocarbons. 

However,  partially  oxygenated  compounds  such  as  the  lower  molecular  weight 

alcohols  are  much  more  reactive. 

27 

Heath,  et  al,  have  conducted  a  survey  of  partially  oxygenated  organic 
corapouiids  which  are  soluble  in  water  and  react  electrochemically  to  carbon 
dioxide  and  water.  ‘Diey  have  found  that  methanol  is  the  best  fuel  for  a  low 
temperature  cell  based  on  the  criterion  of  maximum  kilowatt  hours  per  unit 
cost  or  kilowatt  hours  per  pound. 

The  electrochemical  oxidation  of  methanol  in  a  practical  cell  would  have 
to  take  place  in  acid  or  neutral  solution  in  order  to  prevent  the  formation 
of  carbonate.  In  acid  and  neutral  solution,  methanol  exhibits  some  unusual 
electrochemical  phenomena.  In  particular,  when  an  oxide  has  been  caused  to 
form  on  a  platinum  electrode  and  then  the  circuit  has  been  broken  while  the 
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electrode  is  in  the  presence  of  methanol,  the  methanol  reduces  the  platinum 
oxide.  After  this  oxide  reduction  takes  place,  the  open  circuit  potential 
drops  to  a  minimum  value  and  then  slowly  rises. (See  Figure  !)• 
Furthermore,  when  a  constant  current  is  applied  to  a  platinum  electrode  in 
an  acid  solution  of  methanol, voltage  oscillations  are  observed. 

These  same  phenomena  are  also  observed  in  the  electrochemical  oxidation 
of  formic  acid,^^  which  has  Deen  shown  to  be  an  intermediate  in  the 

9 

electrochemical  oxidation  of  methanol.  Since  formic  acid  is  known  to  be 
electrochemically  oxidized  only  to  carbon  dioxide^^  and  hydronium 

ions  whereas  methanol  is  oxidized  through  at  least  two  intermediates,  for- 

9 

mldehyde  and  formic  acid,^  a  study  of  these  phenomena  should  be  more  straight¬ 
forward  when  undertaken  in  conjunction  with  an  investigation  of  formic  acid. 

Muller*^^  carried  out  extensive  studies  of  the  electrochemical 

oxidation  of  formic  acid  in  the  1920*8.  According  to  his  theories,  the  mini¬ 
mum  potential  shown  In  Figure  1  would  be  attributed  to  the  presence  of  hydro¬ 
gen  on  the  platinum  electrode •  On  the  other  hand,  Muller’s  experiments  led 
him  to  believe  that  formic  acid  would  not  decompose  to  hydrogen  on  smooth 
metals  to  any  reasonable  extent.  The  reasons  for  the  potential  rise  from 
the  minimum  potential  at  open  circuit  have  never  been  studied  to  any  extent. 

Muller^^  explained  the  galvanostatlc  voltage  oscillations  by  postulating 
the  following  two  step  reaction.  First,  formate  ion  was  assumed  to  be  electro¬ 
chemically  oxidized  to  an  adsorbed  formate  radical.  Ibe  formate  radical  then 
accumulated  on  the  siirface.  Finally  a  potential  was  attained  at  which  the 
formate  radical  was  thought  to  decompose  very  rapidly  to  an  adsorbed  hydrogen 
atom  and  carbon  dioxide.  The  adsorbed  hydrogen  was  easily  oxidized  and  the 
process  started  over  again. 

Recent  investigators*^^  of  methanol,  formaldehyde,  and 

formic  acid  have  focused  on  other  problems  rather  than  finding  an  esqplanation 
for  this  unusual  behavior. 
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Tne  present  investigation  was  undertaken  in  order  to  obtain  a  better 
understanding  of  the  mechanism  of  the  electrochemical  oxidation  of  formic 
acid  on  plain  platinum.  In  particular,  it  was  desired  to  gain  more  insight 
into  the  unusual  voltage  behavior  exhibited  by  formic  acid. 

Initially,  it  was  planned  to  study  the  mechanism  of  the  electrochemical 
oxidation  of  formic  acid  on  a  plain  platinum  electrode  by  chronopotentiomeory. 
However,  when  it  was  found  that  the  nature  of  the  pretreatment  of  the  elec¬ 
trode  caused  une^ected  and  important  effects,  major  attention  was  shifted 
towards  determining  the  effect  of  electrode  pretreatment  on  the  nature  of  the 
species  present  on  the  electrode  surface  by  examining  the  double  layer  capaci¬ 
tance  of  the  electrode. 

Observations  of  the  minimura  potential  at  open  circuit  were  examined  as 
a  function  of  pH,  electrode  pretreatment  and  the  presence  of  certain  gases. 

B.  Apparatus 

Chronopotentiometry 

Chronopotentiometric  experiments  were  carried  out  in  a  glass  cell  on  a 
plain  platinum  foil  electrode.  The  current  was  generated  by  three  12  volt 
storage  batteries  and  controlled  by  a  Claroatat  240-C  decade  resistor.  Tlie 
current  was  read  on  a  Weston  911  ammeter.  The  potential-time  behavior  was 
measured  on  a  Sargeant  MR  recorder  vs.  a  Beckman  saturated  calomel  reference 
electrode.  Ttie  reference  electrode  was  kept  in  a  separate  beaker  and  was 
connected  to  the  glass  cell  by  a  capillary  bridge. 

2 .  Double  Layer  Capacitance  Apparatus 

Double  layer  capacitance  measurements  were  carried  out  by  analyzing  the 
voltage  response  of  the  plain  platinum  electrode  to  an  a.c.  square  wave 
current,  llie  square  wave  cuanrent  was  generated  by  a  Hewlett-Packard  202A 
function  generator.  The  voltage  response  was  read  out  on  a  Tefcronix  502 
double  beam  oscilliacope.  A  Tektronix  C^12  camera  with  Polaroid  back  could 


be  mounted  on  the  oscilloscope  to  take  pictures  of  rapidly  changing  traces. 

These  measurements  were  carried  out  while  the  electrode  was  held  at  a 
fixed  potential  or  while  a  constant  current  was  passed  through  the  electrooe. 
The  potential  was  held  constant  through  the  use  of  a  6  volt  storage  battery 
connected  to  an  11  ohm  resistor  used  as  a  voltage  divider.  The  maintenance 
of  a  constant  potential  was  verified  by  measuring  the  potential  of  the 
platinum  electrode  against  a  calomel  reference  electrode  by  the  use  of  the 
Sargeant  MR  recorder. 

C.  Experimental  Procedure 

1.  Materials 

The  platinum  for  electrode  manufacture  was  obtained  from  Englehard 
Industries  and  was  99*8  per  cent  pure.  When  an  electrode  was  not  in  use  it 
was  kept  in  a  covered  beaker  of  distilled  water.  Before  using  the  electrode 
it  was  cleaned  by  subsequent  rinses  in  benzene,  acetone j  distilled  water, 
sulfuric  acid,  and  a  final  rinse  in  distilled  water. 

Glassware  was  cleaned  in  chromic  acid  and  thoroughly  rinsed.  Ilie  formic 
acid  used  was  A.R.  grade  obtained  from  Baker.  The  sedium  formate  was  reagen-c 
grade  obtained  from  Merck.  No  further  purification  of  chemicals  was  under¬ 
taken  except  where  noted. 

2 .  Clironopotcntiometry 

One  of  the  electrochemical  techniques  which  can  provide  insight  into 
the  nature  of  electrode  processes  is  chronopotentiometry .  This  is  the  study 
of  the  voltage -time  behavior  of  an  electrode  placed  in  a  dilute  solution  o^ 
a  reactant  and  held  at  constant  current.  The  reactant  is  supplied  to  the 
electrode  by  diffusion  only.  Before  a  typical  run  the  electrode  was  cleaned 
by  a  brief  oxidation.  Then  nitrogen  was  bubbled  through  the  solution  for  a 
set  amount  of  time.  During  the  nitrogen  bubbling  the  platinum  oxide  formed 
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in  the  pre -oxidation  vae  generally  reduced  by  the  formic  acid  in  solution  as 
evidenced  by  the  fact  that  the  electrode  potential  did  not  remain  in  the  re¬ 
gion  of  II  in  Figure  1 .  However^  when  very  low  formic  acid  concentrations 
were  present ^  this  reduction  took  too  long.  In  this  case^  a  small  cathodic 
current  was  passed  through  the  platinum  test  electrode.  Great  care  vas 
taken  to  ensure  that  no  hydrogen  vas  formed  at  the  electrode  during  this 
process  by  turning  off  the  cathodic  current  well  above  the  potential  at 
which  hydrogen  is  discharged. 

After  the  nitrogen  was  turned  off,  the  electrode  vas  left  at  open  cir¬ 
cuit  for  a  fixed  amount  of  time,  ^en  the  current  vas  applied  and  the  poten¬ 
tial-time  curve  followed  by  the  voltage  recorder. 

3*  Minimum  Open  Circuit  Potential 

Two  different  pretreatments  were  given  to  the  platinum  electrode  before 

minimum  open  circuit  potentials  were  taken.  In  one  the  electrode  vas  subjected 

2 

to  an  anodic  current  pulse  of  10  to  80  ma/cm  lasting  less  than  one  second. 

The  voltage  at  the  end  of  the  pulse  seemed  to  have  no  effect  on  the  minimum 
open  circuit  potential  subsequently  observed.  The  other  electrode  pretreat¬ 
ment  consisted  of  holding  the  potential  of  the  electrode  constant  at  over 
1.5  V.  vs.  a  hydrogen  electrode  in  the  same  solution  for  one  minute.  At 
this  potential  all  organic  species  should  be  oxidized.  In  both  cases  the 
potential- time  behavior  of  the  electrode  was  followed  by  use  of  the  Sargeant 
MR  voltage  recorder.  The  minimum  potential  at  open  circuit  was  investigated 
in  the  presence  of  nitrogen,  carbon  monoxide,  and  carbon  dioxide. 

li.  Double  Layer  Capacitance  Measurements 

Double  layer  capacitance  measurements  were  taken  at  constant  current  or 
at  constant  voltage.  Constant  current  capacitance  measurements  were  used  to 
detexmine  the  effect  of  electrode  pretreatment  and  to  observe  the  change  of 
capacitance  on  the  platinum  electrode  during  the  galvanostatic  voltage  os¬ 
cillations.  When  studying  the  effect  of  electrode  pretreatment,  the  constant 
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current  vas  turned  on  either  after  the  electrode  had  been  left  in  solution 
for  thirty  minutes  at  open  circuit  or  the  constant  current  was  turned  on 
Immediately  after  the  minimum  open  circuit  potential  was  reached. 

Constant  voltage  capacitance  measurements  were  taken  In  the  presence 
of  nitrogen  bubbling.  The  electrode  had  been  pre treated  by  holding  the 
potential  at  over  1.5  v«  vs.  a  hydrogen  electrode  In  the  same  solution  for 
sixty  seconds.  Iben  the  circuit  was  broken  and  the  minimum  open  circuit 
potential  allowed  to  develop.  Immediately  following  thls^  the  potential 
of  the  test  electrode  was  set  at  the  desired  level  and  held  there  for 
twenty  minutes  before  the  final  capacitance  was  recorded. 

D.  Results  and  Discussion 

1.  Chronopotentlometry 

8  39 

Since  other  Investigators  had  found  that  the  electrochemical 

oxidation  of  formic  acid  proceeded  most  easily  In  neutral  solutions^  chrono- 
potentlometrlc  experiments  were  performed  on  plain  platinum  with  a  solution 
composed  of  2.50  x  10"^M  HCOOH  and  1.33M  NaH^PO^  at  26*C.  The  transition 
time  at  a  given  current  density  under  these  conditions  was  found  to  be  a 
function  of  electrode  pretreatment. 

For  a  given  current  density  the  square  root  of  the  transition  time  is 
directly  proportional  to  the  amount  of  material  reacted  at  the  electroac  be¬ 
fore  the  concentration  of  the  reactant  at  the  electrode-solution  interface 
drops  to  zero.  Surprisingly,  the  transition  time  was  found  to  increase  when 
the  time  between  runs  was  decreased.  In  an  acid  solution,  composed  of  0.226M 
NaNO^,  3.52  X  10*^  ^  NaCOOH,  the  effect  was  even  more 

apparent  than  In  neutral  solution.  In  the  acid  solution,  the  transition  time 
varied  from  21  seconds  when  the  electrode  was  allowed  to  remain  undisturbed 
In  the  solution  at  open  circuit  for  two  minutes,  to  I6I  seconds  when  only 
three  seconds  were  taken  between  runs.  The  data  at  each  pretreatment  condi¬ 
tion  were  fairly  reproducible,  having  a  range  of  less  than  6  seconds. 

If  the  transition  time  were  seen  to  Increase  with  increasing  time  between 
experiments,  the  explanation  would  be  that  adsorption  of  a  reactive  species 
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v«8  taking  place.  In  order  to  account  for  the  opposite  behavior^  three 

possibilities  were  considered:  (l)  Dissolved  oxygen^  present  in  the  solu- 

tiouj  could  be  reacting  with  the  formic  acid  near  the  electrode  at  open 

circuit;  (2)  An  impurity  present  in  the  solution  was  being  adsorbed  on  the 

electrode  and  ^'blocking"  a  part  of  the  electrode.  It  had  been  observed  by 
20 

Gierst  and  Jullard  that  transition  times  decrease  markedly  when  a  stron^^ 
adsorbably  substance  is  present  in  solution.  This  effect  is  observed  with 
very  low  concentrations  of  gelatin.  This  was  accounted  for  by  assuming  that 
the  adsorption  of  gelatin  on  the  electrode  decreases  the  effective  area  of 
the  electrode;  (3)  The  "blocking  agent"  could  be  formed  from  the  chemical 
decomposition  of  formic  acid  itself. 

In  order  to  determine  whether  the  phenomena  of  decreasing  transition 
time  was  due  to  impurities  in  the  system^  a  highly  purified  solution  was 
prepared.  A  liter  of  solution  of  1.33M  NaH^PO^  was  pre-electrolyzed  for 
twenty-four  hours  at  over  25  ma.  and  then  boiled  to  remove  dissolved  hydrogen 
and  oxygen.  Part  of  this  solution  was  added  to  20  ml.  of  a  0.25M  NaCOOH 
solution  made  from  recrystalized  sodium  formate  and  distilled  deionized 
water  to  make  total  volume  of  250  ml.  To  avoid  possible  chloride  contamina¬ 
tion^  a  glass  electrode  was  used  for  a  reference  electrode^  the  potential 
difference  being  read  on  a  Beckman  Zeromatic  pH  Meter. 

The  same  phenomena  were  observed  in  this  system  as  had  been  observea 
previously.  When  the  electrode  was  left  in  solution  for  only  two  minutes 
the  transition  time  ranged  between  25*9  amd  26. U  seconds  in  five  runs^  for 
a  current  density  of  li.OO  ma/  This  yields  an  (io  •)  product  of 

520.  A  reactant  undergoing  a  two  electron  process  with  a  diffusivity  of 
10"^  cm^/sec  would  yield  an  product  of  SkO  ma.  sec.^^  l./m. 

However^  \dien  the  electrode  was  left  in  solution  for  sixteen  minutes^  the 
transition  time  decreasea  to  lU*d  seconds.  ThU8>  the  decrease  in  the  transi¬ 
tion  time  could  not  be  causea  by  an  impurity. 

When  air  was  bubbled  through  the  solution  the  same  effects  were  noted 
as  when  nitrogen  was  being  bubbled.  There  was  no  important  change  in  transi¬ 
tion  time  due  to  the  presence  of  air.  The  transition  times  observed  when 
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air  VB8  present  were  almost  identical  with  those  observed  when  nitrogen  was 
present  for  the  same  pretreatment, 

2 .  Minimum  Open  Circuit  Potential 

Tl^ere  was  other  evidence  that  some  species  could  be  forming  on  the 
electrode  surface  vhile  the  electrode  was  sitting  in  the  formic  acid.  For 
example,  the  open  circuit  potential  was  rising  after  the  minimum  open  cir¬ 
cuit  potential  was  attained.  This  minimum  potential  being  developed  immedi¬ 
ately  after  the  reduction  of  platinum  oxides  formed  during  the  previous  run 
(see  Figure  l). 

Before  attempting  to  decide  vhat  could  be  causing  the  rise  in  open  cix^ 
cuit  potential,  it  was  felt  that  the  cause  of  the  minimum  potential  itself 
should  be  determined. 

This  investigation  was  carried  out  by  pretreating  the  electrode  in 
either  of  two  different  ways  and  then  breaking  the  circuit  and  following 
the  voltage  behavior  on  the  Sergeant  MR  recorder.  Ihe  purpose  of  the  pre¬ 
treatment  was  to  "clean  off"  the  adsorbed  species.  One  technique  was  to 
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pass  a  anodic  current  pulse  of  10  to  80  ma./cm.  for  a  duration  of  less  than 
one  second.  The  other  was  to  hold  the  potential  of  the  electrode  constant 
at  a  level  at  least  *^1.5  v  vs.  a  hydrogen  electrode  in  the  same  solution  for 
60  seconds. 

A  number  of  solutions,  IM  in  formic  acid  but  at  various  pH  values 
ranging  from  a  pH  of  11*32  to  5M  H2S0^^  were  investigated.  When  nitrogen 
or  carbon  dioxide  was  bubbled  past  the  electrode  to  stir  the  solution,  the 
average  minimum  open  circuit  potential  obtained  in  neutral  solutions  by 
the  current  pulse  technique  was  less  than  SO  mv«  above  the  hydrogen  potential 
However,  in  acid  solutions  the  minimum  open  circuit  potential  obtained  by  the 
current  pulse  technique  became  much  higher  than  the  hydrogen  potential,  the 
average  value  in  5M  H^SO^  and  IM  HCOOH  being  <••.27  v.  vs.  a  hydrogen  electrode 
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When  minimum  potentials  were  examined  by  the  constant  potential  pre- 
treatment  technique,  however,  the  average  values  observed  in  acid  solution 
were  much  closer  to  the  hydrogen  potential.  In  IM  H2S0|^  and  IM  HCCX)H  an 
average  minimum  open  circuit  potential  of  '•'.010  v.  vs.  a  hydrogen  electrode 
was  obtained. 

It  was  noted  that  the  potential  rose  more  rapidly  at  open  circuit  after 
the  minimum  potential  as  the  solutions  became  more  acid.  An  explanation  for 
the  failure  of  the  current  pulse  technique  in  acid  solution  is  that  the  pr^ 
treatment  Just  did  not  clean  off  the  electrode.  The  species  being  adsorbed 
on  the  electrode  and  causing  the  potential  to  rise  is  postulated  to  form 
faster  in  acid  solution.  It  is  assumed  then  that  the  current  pulse  can  re¬ 
move  only  a  certain  fraction  of  the  adsorbed  species.  When  the  species  does 
not  form  rapidly,  as  in  the  neutral  solutions,  the  current  pulse  technique 
is  apparently  adequate  for  cleaning  the  electrode. 

The  postulate  of  a  more  rapid  formation  of  the  adsorbed  species  in 
acid  solution  plus  the  presumption  that  the  adsorbed  species  is  formed 
from  the  chemical  decomposition  of  formic  acid  indicates  that  the  species 
might  be  carbon  monoxide.  Carbon  monoxide  is  a  well  known  product  of 

IxQ 

formic  acid  decomposition  and  the  reaction  has  been  shown  to  be  acid  catalyzed. 
Furthermore,  Havel,  et  al,^  have  demonstrated  that  carbon  monoxide  is  not 
easily  oxidized  electrochemically  at  room  temperature  on  a  platinized  carbon 
electrode . 

When  carbon  monoxide  was  bubbled  through  the  solution,  minimum  open 
circuit  potentials  obtained  by  the  cxirrent  pulse  technique  were  close  to 
the  hydrogen  potential.  However,  the  rise  of  the  potential  at  open  circuit 
after  the  minimum  potential  was  vastly  accelerated  and  the  open  circuit 
potential  rose  to  much  higher  steady  state  values  when  carbon  monoxide  was 
present.  Ibis  was  especially  noticeable  in  neutral  solutions  idiere  the 
potential  rose  very  slowly  when  nitrogen  or  carbon  dioxide  was  being  bubbled 
through  the  solution. 
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3*  Double  Layer  Capacitance 

If  an  adsorbed  species  were  being  formed  on  the  platinum  electrode  in 
the  dilute  formic  acid  solutions  used  in  chronopotentiometry  and  this  species 
were  formed  from  the  formic  acid,  then  the  effect  of  this  species  should  be 
even  greater  in  more  concentrated  formic  acid  solutions.  Thus  the  current- 
potential  relationships  observed  under  conditions  where  diffusion  is  not  an 
important  consideration  should  be  a  strong  function  of  the  electrode  pre- 
treatment.  Greater  polarization  should  be  observed  as  the  plain  platinum 
electrode  is  left  in  the  solution  for  longer  times  after  the  minimum  open 
circuit  potential. 

Also,  if  the  adsorbed  species  is  an  uncharged  organic  substance,  as 
would  be  the  case  for  carbon  monoxide,  the  double  layer  capacitance  should 
be  affected.  The  longer  the  time  the  electrode  is  left  in  solution  after 
the  minimum  potential  is  attained,  the  lower  the  double  layer  capacitance 
should  be  at  a  given  potential. 

In  order  to  check  this  theory  a  solution  of  IM  HCOOH  and  1.33M  Na^HPO^ 
was  prepared  and  both  double  layer  capacitance  and  voltage  measurements  were 
ta*;en  at  constant  current  as  a  function  of  electrode  pretreatment.  Two  pre¬ 
treatments  were  chosen.  In  one,  the  electrode  was  left  in  solution  at  open 
circuit  for  thirty  minutes  after  a  minimum  potential  and  the  current  was 
raised  in  steps.  Readings  of  capacitance  and  voltage  were  taken  one  half 
minute  after  a  new  current  was  established.  Ihen  the  current  was  changed. 

In  the  other  the  current  was  set  immediately  after  the  minimum  open  circuit 
potential  and  voltages  and  double  layer  capacitances  were  taken  fifteen 
seconds  after  the  current  was  set*  A  minimum  potential  was  established  before 
each  run. 

Tne  results  of  this  eaQeriment  confirmed  the  theory.  At  K).030  v.  vs. 

SC£  the  short  open  circuit  treatxnent  carried  over  fifty  times  as  much  current. 

The  amount  of  current  is  a  direct  measure  of  the  reactivity  of  the  electrode 

and  the  drop  with  increased  time  between  e3q>eriment8  indicates  that  the  elec- 

2 

trode  is  being  deactivated.  Ihe  double  layer  capacity  was  26  (if/ cm  as 
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compared  to  l5  iif/cm  when  the  electrode  was  left  in  solution  for  thirty 
minutes.  The  adsorption  of  an  uncharged  species  on  the  electrode  pushes 
the  charged  ions  further  into  the  solution.  This  causes  a  greater  amount 
of  charge  separation^  and  hence  lovers  the  double  layer  capacitance.  Similar 
data  were  obtained  at  other  potentials. 

Double  layer  capacitance  measurements  were  also  obtained  at  constant 
voltage  in  sulfuric  acid  solutions  with  no  formic  acid^  1.56  x  10*^M  HCOOH^ 

1.56  X  10*^  HCOOH^  and  1.56M  HCOOH.  The  data  resembled  capacitance-voltage 
curves  obtained  in  a  similar  manner  from  amyl  alcohol  in  the  presence  of 
perchloric  acid  on  a  platinum  wire  by  Breiter^^^  and  he  concluded  that  ad¬ 
sorption  was  occurring  in  his  studies  also. 

Using  the  same  apparatus^  the  external  circuitry  was  modified  to  pass 
a  constknt  current.  Then  galvanostatic  voltage  oscillations  were  induced 
at  the  highest  formic  acid  concentration.  No  reasonably  steady  oscillations 
could  be  obtained  at  lover  formic  acid  concentrations. 

When  the  double  layer  capacitance  was  measured  during  the  oscillations , 
it  was  seen  that  the  capacitance  values  were  lover  than  those  obtained  at 
the  same  potential  during  the  constant  voltage  experiments.  Furthermore,  the 
peak  potential  of  the  oscillations  in  this  experiment  was  the  same  as  that 
at  which  the  platinum  surface  was  covered  with  oxide  in  the  presence  of  for¬ 
mic  acid  in  the  constant  voltage  experiments.  Thus,  it  was  felt  that  the 
platinum  oxide  as  well  as  the  adsorbed  species  played  an  important  role  in 
these  voltage  oscillations. 

£.  Conclusions 

1.  The  minimum  open  circuit  potential  observed  with  fermic  acid  on 
platinum  in  neutral  and  acid  media  is  due  to  the  presence  of  hydrogen  on  the 
electrode. 

2.  The  rise  of  the  potential  at  open  circuit  after  the  minimum  potential 
is  caused  by  the  adsorption  of  an  unknown^  uncharged  organic  species  on  the 
platinum  electrode. 
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3«  Both  the  hydrogen  and  the  uncharged  organic  species  are  formed  from 
the  chemical  decomposition  of  formic  acid. 

1;.  The  organic  adsorbed  species  is  more  difficult  to  oxidize  than  foiv 
mic  acid.  There  are  str^ig  indications  that  this  unknown  species  is  carbon 
monoxide. 

5.  The  adsorbed  species  seems  to  be  the  cause  of  the  voltage  oscilla¬ 
tions.  Platinum  oxide  may  also  play  an  important  role. 
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Fig.  1  Voltage  Behavior  after  Oxide  Formation  When  Current 
is  Cut  Off  at  a  Plain  Platinum  Electrode  in  Formic 
Acid. 


II.  INTRODUCTION 


A.  Ttie  Fuel  Cell  as  an  Energy  ConverBlon  Device 

Recently^  considerable  interest  and  effort  has  been  devoted  towards  the 
development  of  various  types  of  fuel  cells.  The  fuel  cell  is  a  device  for 
converting  chemical  energy  tc  electrical  energy  by  electrochemical  means. 

It  operates  as  a  battery  where  the  fuel  and  oxidant  are  continuously  supplied 
while  reaction  products  and  electricity  are  continuously  withdrawn. 

The  principal  advantage  of  the  fuel  cell  as  opposed  to  non-electrochemical 
energy  conversion  devices  is  that  there  is  no  theoretical  limit  to  the  con¬ 
version  efficiency.  Theoretically,  100*/*  of  the  available  free  energy  of 
a  reaction  can  be  transferred  to  usable  electrical  energy;  whereas  due  to  the 
high  temperature  limitations  on  existing  constructicxi  materials  and  the 
Carnot  Cycle  restriction,  the  best  present  day  steam  plants  operate  at  about 
liOV  •  efficiency. 

The  major  limitation  of  the  fuel  cell  is  the  low  power  output  per  unit 
electrode  area.  Because  of  the  low  voltages  encountered  in  fuel  cells,  it 
is  necessary  to  operate  a  current  densities  of  at  least  0.1  amperes  per 
square  centimeter  in  order  to  achieve  reasonable  power  outputs  per  unit  size 
and  weight.  When  no  net  current  is  being  drawn  from  a  fuel  cell  and  no  side 
reactions  occur  at  either  electrode,  the  cell  voltage  is  determined  by  the 
free  energy  of  the  reaction,  A  Ot 

n  F  E  »  -  (1) 

where  n  i.  the  number  of  eleetrcms  transferred;  F  is  Faraday's  number,  ex¬ 
pressing  the  eoulooibs  per  equlvllant;  and  E  is  the  voltage.  However,  as 
the  amount  of  current  drawn  from  the  cell  Is  Increased,  the  cell  voltage 
decreases  until  a  current  Is  reached  where  the  cell  voltage  is  zero  and  no 
higher  current  can  be  drawn.  This  phenoatena  of  decreasing  voltage  with  In¬ 
creased  current  drain  is  called  polarization. 
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There  are  three  meehanlama  which  cause  the  over  voltage  to  decrease  with 
Increased  current  drain.  One  is  siiqply  due  to  the  cell  resistance.  This  iR 
drop  can  be  minimized  by  proper  cell  design.  Another,  called  concentratl<» 
polarization,  is  csused  by  Insufficient  rate  of  transport  of  fuel  or  oxidant 
from  the  bulk  phase  to  the  electrode  surface  where  reaction  Is  taking  place. 
Since  the  potential  at  each  electrode  is  a  function  of  the  concentration  of 
the  species  reacting  at  the  surface,  this  will  cause  a  change  in  the  cell 
potential  (see  equatim  (20)).  The  third  reason  for  voltage  loss  with  in¬ 
creased  current  is  the  rate  of  the  intrinsic  electrochemical  reactions 
themselves,  and  this  is  termed  activation  polarization. 

The  current  density  Is  a  direct  measure  of  the  sum  of  the  rates  of  all 
electrochemical  reactiims  occurring  on  an  electrode.  For  the  simple  case 
where  only  one  electrochemical  reaction  proceeds  at  an  electrode,  the  current 
density  is  a  measure  of  that  rate.  As  the  current  density  is  Increased,  the 
reaction  rate  must  Increase  proportlonatelor .  For  an  irreversible  reaction 
this  increase  of  rate  can  be  attained  only  with  the  aid  of  some  part  of  the 
available  potential.  T3ie  study  of  the  phenomena  of  activation  polarization 
is  called  electrochemical  kinetics  and  will  be  discussed  further.  It  is 
Important  to.  realize  that  the  easier  an  electrochemical  reaction  can  proceed, 
the  less  the.  voltage  drop  due  to  activation  polarization. 

Historically,  the  fuel  cell  has  not  been  a  new  concept.  As  early  as 
1301,  Davy  reported  on  a  zinc,  oicygen  fuel  cell^^  and  the  following  year^^ 
he  discussed  a  carbon,  oxygen  cell  operating  in  nitric  acid.  However,  to 
the  present  time,  a  practical  eccxiomlcal  fuel  cell  which  can  coqpete  commer¬ 
cially  with  other  forms  of  energy  conversion  has  not  been  developed. 

The  reasons  for  this  are  quite  straightforward.  The  inexpensive  fuels 
used  in  Carnot  Cycle  power  plants  such  as  coal,  coke,  oil,  or  even  purified 
hydrocarbons  are  not  sufficiently  reactive  electrochenlcally  at  ambient  tenn 
peratures.  In  order  to  enhance  the  reactivity  of  these  substances  much 
higher  temperatures  must  be  used.  But  this  means  that  heat  must  be  expended 


/ 
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to  raise  the  tea^rature  of  the  fuel  and  oxidant  (air)^  some  heat  losses 
must  occuTi  and  the  free  energy  change  for  the  reaction  will  he  lover  than 
that  at  ambient  temperature.  TheBe  and  other  considerations  cast  doubt 
that  the  fuel  cell  vill  ever  replace  a  steam  plant  as  a  central  pover  sta¬ 
tion.^  For  some  operations,  such  as  space  or  certain  military  appllcatlms 
the  fuel  cell  seems  to  be  quite  conqpetitive  with  other  energy  sources,  as 
evidenced  by  the  recent  announcement  that  the  Apollo  spacecraft  vlll  be 
using  a  fuel  cell  system  for  auxiliary  pover. 

1.  The  Methanol  Fuel  Cell 

One  important  area  of  investigation  is  the  development  of  a  lov  tempers* 
ture  fuel  cell  using  a  vater  soluble  organic  fuel  and  an  air  oxidant.  Such 
a  cell  should  have  a  number  of  advantages  including  high  energy  per  pound, 
simplicity  of  operaticxi,  ease  of  removal  of  reaction  products,  reasonable 
cost  of  fuel,  high  efficiency  and  high  reliability. 

A  survey  of  soluble  oxygenated  hydrocarbon  fuels  was  made  recently  by 
27 

Heath,  et  al.  These  authors  examined  lov  molecular  weight  alcohols,  acids, 
aldehydes,  ketones,  glycols,  and  glycerols.  Cost  per  kilowatt  hour  was  cal¬ 
culated  assuming  a  70 V*  voltage  efficiency  and  complete  conversion  of  fuel 
to  CO^  and  H2O  when  electrochemically  oxidized  with  air  on  platinum  black 
in  sulfuric  acid.  Those  fuels  ^ich  Heath,  et  al,  found  to  be  oxidized  com¬ 
pletely  to  CO2  and  H2O  are  tabulated  in  liable  I  with  cost  per  kilowatt  hour 
and  kilowatt  hours  per  pound.  From  Thble  I  it  is  quite  clear  that  methyl 
alcohol  is  the  most  inejqpensive  oxygenated  hydrocarbon  and  has  the  highest 
energy  per  pound  among  the  reactive  fuels.  Furthermore,  in  a  different  in* 
vestigatlon,  Gentile,  et  al,  concluded  that  methanol  was  more  easily  oxi¬ 
dized  than  sny  of  the  other  four  fuels  in  Table  I. 

2 .  The  Electrochemical  Oxidation  of  Methanol  and  Formic  Acid 

In  the  electrocheBd.cal  oxidation  of  methanol  at  constant  current  in  acid 
or  neutral  solution  unusual  phenomena  have  been  observed.  At  low  current 
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TABU  I 

27 

Soluble  Crbonaceoue  Fuels  for  Fuel  Cells 


Fuel  kvH/lb  d/kvH 


Methyl  Alcohol 

1.9U 

2.32 

Formaldehyde 

1.52 

7.12 

Ethylene  Olycol 

1.68 

8.03 

Glycerin 

1.55 

l5.3 

Formic  Acid 

0.55 

31.1 
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denslticB  with  a  platinized  platinum  electrode  the  potential  of  the  platinized 
platinum  vith  respect  to  a  reference  electrode  rises  slightly  due  to  irrever* 
sibilities  in  the  reaction.  When  the  current  is  increased,  the  potential  is 
found  to  oscillate At  higher  current  densities  the  potential  rises 
to  the  electrode  oxide  potential. 

If  the  current  is  turned  off  at  this  point,  the  potential  drops  to  a 
definite  level,  indicating  the  existence  of  platinum  oxide.  After  the  oxide 
is  coo^letcly  reduced  by  the  methanol  the  potential  drops  again  to  a  lov 
Value  and  then  slowly  rises. 

The  same  phenomena  have  been  observed  in  the  constant  current  oxidation 
of  formic  acid,^^  which  is  an  intermediate  in  the  oxidation  of  methanol. 

Methanol  is  electrochemically  oxidized  through  two  intermediates,  formaldehyde 

9 

and  formic  acid,^  where  as  formic  acid  goes  directly  and  solely  to  carbon 
dioxide  in  the  potential  region  below  the  potential  at  which  metal  oxides 
are  formed  on  the  electrode. Tb\X3,  fewer  complications  would 
be  expected  in  the  electrochemical  oxidation  of  formic  acid  than  would 
occur  in  the  electrochemical  oxidation  of  methanol.  Because  of  this,  the 
study  of  phenomena  of  the  minimum  potential  after  oxide  reduction,  the  rise 
of  potential  after  this  minimum  at  open  circuit,  and  the  galvanostatic  vol* 
tage  oscillations  were  chosen  to  be  investigated  here  in  the  system  of  for* 
mic  acid  rather  than  methanol. 

B.  Fundamental  Relationships 
1.  Tlie  Reversible  Cell;  Electrochemical  Equilibrium 
a.  Voltage 

Ihe  voltage  behavior  of  a  reversible  cell  has  been  described  by  Nemst 
in  terms  of  the  activities  of  the  reactants  and  products  of  a  reaction.^ 
However,  because  at  least  some  of  these  species  are  ions  in  an  electrochemical 
reaction,  it  would  be  advantageous  to  examine  this  relationship  critically. 
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Itae  concept  of  an  electrode  potential  ia  not  a  alople  matter.  An  elec¬ 
trode  potential  inpliea  the  exiatence  of  a  potential  difference  between  the 
metal  of  the  electrode  and  the  solution  with  which  it  ia  in  equilibrium.  In 
classical  electrostatics,  all  that  is  needed  to  determine  a  potential  at  a 
given  point  is  to  swasure  the  work  required  to  bring  a  test  charge  from  in¬ 
finity  to  that  point.  But  what  can  be  uaed  as  a  teat  charge  in  this  case? 

A  metal  consists  of  a  close-packed  ionic  lattice  ^ich  provides  macro-orbi¬ 
tals  for  the  accomodation  of  electrons  in  qxiantlzed  energy  bands.  Energy 
equal  to  the  work  function  is  liberated  when  a  free  electron  is  dropped  into 
the  highest  energy  level.  An  electrm  dropped  into  an  aqueous  solution  would 
perform  a  reduction,  since  it  is  the  moat  powerful  reducing  agent.  Similar 
coasideratlons  arise  from  considering  other  charged  particles  as  test  charges. 
They  are  all  atoBdc  constituents  or  chemical  reagents  and  whenever  a  real 

charged  particle  is  brought  close  to  matter  of  any  kind,  powerful  non-coulomblc 

29 

forces  are  encountered.  Guggenheim  aiomarizea  these  principles  as  follows, 
"The  electric  potential  difference  between  two  points  in  different  media  can 
never  be  measured,  and  baa  not  yet  been  defined  in  tense  of  physical  realities. 
It  is,  therefore,  a  conception  which  has  no  physical  significance." 

Vftiat,  jbhen,  is  meant  by  an  electrode  potential?  It  is  a  universal  cri¬ 
terion  of  equilibrium  within  a  system  that  the  chemical  potential,  of 
any  component  i  shall  have  a  uniform  value  in  all  parts  of  the  system.  The 
definition  of  chemical  potential 


does  not  seem  to  be  directly  applicable  to  an  ionic  species,  since  it  ie  Im. 
possible  to  add  a  single  kind  of  loo  to  any  system  because  in  natural  syatema 
no  departure  from  eleotrooeutrality  ia  possible.  This  doea  not  invalidate 
the  definition  because  dO  ia  a  perfect  differential. 
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but  it  doea  mean  that  the  chemical  potential  of  a  alngle  ion  cannot  be  aeparated. 
Ihua,  the  chemical  potential  of  aodium  chloride  Iona  in  aqueoua  aolutlon  ia 

29 

unambiguoualy  the  axni  of  the  chemical  potentiala  of  aodiua  and  chloride  iona< 

In  apite  of  theae  reatrictiona,  it  haa  been  deemed  conrenient  to  define 
an  electrochemical  potential, 

ilj  -  p“  ♦  z^r  (h) 

idiere  la  the  electrochemical  potential  of  the  charged  component  1  in  phaae 

a,  ita  chemical  potential  and  Z^  T  ita  charge  per  mole  with  appropriate 

sign,  F  the  value  of  the  Faraday,  and  ^  ®  ia  the  inner  electrical  potential 

of  the  phaae  a.  None  of  the  three  terma  in  thia  equation  ia  aeparately  de-  , 

terminable.  In  particular,  the  potential  ^  ia  not  determinable,  and 

neither  la  the  difference  between  the  internal  electrical  potentiala  of  two 

6 

phaaea  which  ia  called  the  Galvanl  potential. 

Let  ua  then  conalder  a  galvanic  cell  idiich  darivea  the  electrical  energy 
which  it  cah  provide  from  a  chemical  reaction,  which  ia  uaually  repreaented 

H2  (P^  Pt  I  aqueous  HCl  (m)  |  CI2  (P2  Bh  ($) 

but,  as  will  be  aeen,  should  be  represented  as 

Cu  1^1  ^  ^^1  aqueous  HCl  (m)  |  Cl^  (?£  •tm)  j  Hhj  Cu*  (6) 

Ibe  net  reaction  for  this  cell  ia 

i  (Pj  atm)  ♦  j  Cl^  (Pg  •<»)  -  HCl  (aq,  m) 


(7) 
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At  open  circuit,  the  syatem  Is  In  equilibrium  and  no  net  reaction  occurs. 

If  the  reaction  ia  carried  out  reversibly,  the  maxlBiai  electrical  vork  is 
obtained  and  it  must  be  equal  to  the  loss  in  free  energy  due  to  the  reaction. 
Ihe  voltage  across  the  cell  is  the  intensity  factor  of  the  maximum  electrical 
vork,  and  the  capacity  factor  is  nF  coulombs,  vhere  n  is  the  nuidier  of  fara> 
days  which  are  transferred  per  mole.  Thus, 

n  P  K  -  -  A  0  (0) 

Within  the  cell,  the  following  reactions  take  place 


i  (Pj  .t.)  . 

— *•  >(.,)  *  (”> 

(9) 

i  Clj  (Pj  stm) 

♦  e'  (Rh)  - ► 

(10) 

e“  (Pt) - 

e"  (cu) 

(11) 

e"  (Cu'  )  - >• 

e'  (Rh) 

(12) 

The  changes  In  electrochemical  pwtentlals  accompanying  these  reactions  are 


^  (g**) 

■  2  ‘‘Clg 


(Rh) 

‘‘e* 


_  (soln) 
^Cl* 


(Cu) 


^‘e- 


(Pt) 

“e- 


(Bh) 


‘‘e- 


(lU) 

(15) 

(16) 


Adding  reactlms  (13)  to  (l6)  and  setting  the  total  equal  to  sero,  since 
both  the  free  energy  loss  and  the  vork  obtained  are  included,  we  obtain 

(soln.)  (soln)  ,  (gas)  ,  (gas)  _  (Cu)  _  (Cu* ) 

V  *  •^1"  -  •  f^Clg  *  V  * 

(17) 


0 
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b.  Current 

The  concept  of  current  passing  through  an  electrode  has  no  real  iseaning 
In  a  reversible  cell.  Current  is  a  neasure  of  the  net  rate  of  reaction  and, 
since  the  reversible  cell  is  at  eq.uilibrium,  the  net  reaction  proceeds  at  an 
infinitesisial  rate  at  stoat. 

2.  Pie  Irreversible  Cell;  Electrocheadcal  Kinetics 

The  first  attempt  to  quantitatively  describe  the  relaticn  between  current 
and  voltage  on  a  theoretical  basis  was  made  by  Tafel  in  1905.^^  Thfel, 
studying  the  evolution  of  hydrogen  formed  from  the  discharge  of  hydronlum 
ions,  thought  that  the  observed  current-voltage  relationships  on  isetal  eleo- 
trodes  could  be  explained  by  assuising  that  the  rate  of  the  recosibination  of 
hydrogen  atosia  was  the  rate  llodtlng  step  in  the  process.  If  an  electrode 
surface  is  sparcely  covered  with  atomic  hydrogen,  the  rate  of  the  reaction 

2H  -  H2  (22) 

2 

Is  given  by  kh  vhere  k  it  the  rate  constant  and  h  is  the  number  of  atoms 

'1 

per  unit  area  of  electrode  surface.  Since  tiie  rate  of  the  reverse  process 
will  be  nejlliglble  if  appreciable  current  is  flowing, 

i.  -  kh^  (23) 

If  one  assumes  that  the  activity  of  the  hydrogen  atoms  is  proportional  to 
the  concentration,  then 

B  -  ♦  pS  In  (2lt) 

where  h^  is  the  nuaiber  of  hydrogen  atoms  per  unit  area  of  electoode  at  equili¬ 
brium.  The  difference  in  voltage  from  the  reversible  voltage,  E^,  is  then 
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If  we  now  eliminate  the  eleatrochemlcal  potential  by  the  use  of  equation  (li) 
and  noting  that, 

(Cu)  (Cu') 

1  (18) 


ve  obtain 

(aoln)  (aoln)  ,  (gaa)  ,  (gaa) 

*  ‘‘Cl*  ^  "  2*^012 

or 

'  reaction  «  n  P  E 


g/  (Cu) 

F  (  T 

(19) 

(8) 


r 


(Cu*) 

) 


Upon  aubatituting  activitlea  for  chemical  potentlala  and  netting  n  P  S*  ■  A  G* 
where  ^  0*  haa  ita  uaual  aigniflcance,  we  obtain  the  more  familiar  form. 


P  P 
2P  a„  ♦  a 


■H 


Cl 


(20) 


S*  valuea  are  coouonly  tabulated  for  half  cell  reactiona  and  cooqprehen- 
aive  compllationa  have  been  prepared  by  Latimar^^  and  Conway. Thia  in 
allowable  only  becauae  of  the  unlveraal  convention  of  netting 

2»^*  -  -  2BP  •  0  (21) 


When  an  electrochemical  cell  la  eatabliahed,  the  meaaured  potential  ia 
often  not  that  calculated  by  equation  (20).  Thia  may  be  due  to  a  number  of 
circumatancea.  The  current  denaity  drawn  by  the  voltage  meaauring  device 
may  be  high, enough  ao  that  one  of  the  electrodea  ia  not  at  equilibrium,  but 
ia  polarized.  The  problem  in  thia  caae  becoma  one  of  electrochemical  kinetica. 
Another  poaaibility  ia  that  aide  reactiona  may  be  taking  place,  in  which  caae 
the  proper  cell  reactiona  have  not  been  written*  Purtbermore,  other  potential¬ 
determining  apeclea  awy  exlat  in  aolution  aa  Ihpuritlea. 
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and  upon  subk ;;ltutlng  (2l) 

i.  .  k  JV2  (26) 

-  p  In  (i.)  -  ^  In  (I*)  (27) 

Where  I*  Is  the  value  of  the  current  at  equilibrium  in  the  cathodic  or  anodic 

direction  and  is  called  the  exchange  current. 

Ttiuu,  a  plot  of  overpotential,  ^  ,  versus  the  log  of  the  current  den- 

RT 

sity,  i«,  should  be  a  straight  line  and  should  yield  a  slope  of  Although 

a  plot  of  overvoltage  against  log  1*  generally  has  been  found  to  be  a  straight 

RT 

line  for  the  hydrogen  evolution  reaction,  the  slope  is  seldom  «.  In  order 
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to  explain  this  discrepancy,  the  theory  of  absolute  reaction  has  been  invoked. 

Ihe  linear  plot  of  log  i«  versus  overvoltage  is  coBDonly  called  ''a  Tsfel  line*'. 

To  demonstrate  the  application  of  absolute  reaction  rates  to  electrochemical 
reactions,  consider  the  case  of  an  electrode  composed  of  metal,  M,  and  of  unit 
area  in  contact  with  a  solution  having  cations.  The  situation  can  be 
pictured  as  in  Figure  2  for  slow  ioniaation.^^ 

Ttie  distribution  of  energy  among  the  reacting  particles  is  governed  by 
Maxwell's  distribution  lav,  which  shows  that  the  number  of  particles,  p,  with 
free  energy  in  excess  of  a  value  ^  G  is  related  to  the  total  number  of 
particles,  p^,  by 


Referring  to  Figure  2,  if  it  is  assumed  that  all  particles  exceeding  a  free 
energy  of  and  reaching  the  activated  state  complete  their  reaction 

path,  then  the  rate  of  ioniaatiom,  7^,  is 


IONIZATION 
,  DISCHARGE 

DISTANCE  FROM  ELECTRODE 


Fig.  2  Energy  Barrier  for  Irreversible  Electrode  Process. 
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ej(p 

where  is  a  eaastaat  depeadlag  aa  the  aature  ef  the  M«4(  head*  Slailariy* 
the  rate  cf  the  reverse  reaetlea  is 

t 

*2  ■  - W 

la  arder  that  a  aet  reaetiaa  take  place  at  the  eleetrade,  the  eaergy  barrier 
far  the  reaetiaa  aust  be  lawered,  ar  the  eaergy  barrier  far  the  reverse  re- 
actioa  aust  be  iacreased.  Siace  a  aet  reaetiaa  ia  either  direetiaa  iaplies 
a  departure  fraa  equilibriua,  the  voltage  chaages  fraa  its  equilibriua  value 
by  aa  aaauat  ^  .  The  effect  af  the  averpoteatial  is  sbava  la  Figiure  3  to 

be  tvo-fald;  part  af  the  averpatential  decreases  the  farvard  reactioa  rate 
eaergy  barrier  fraa  ^0^  ta  (  >  (l  -  ^  F)  aad  the  reaaiader  la- 

creases  the  reverse  reaetiaa  rate  eaergy  barrier  froa  ^G^ta  (  2\g2  *  (^)Z 
Thus,  the  forward  reactioa  rate  is  iacreased  aad  the  reverse  rate  decreased. 

The  terms  aad  V2  at  equilibrliia  caadltiaas  are  equal  aad  correspoad 
to  the  exchaage  curreat  deasity,  I«.  The  aet  curreat  deasity,  i*,  is: 

i.  -  V^-Vg  -  j  -e*P 

Nate  that  siace  ^  -  E  -  E*,  whea  the  reverse  reactlms  is  aegllgible,  equa- 
tiaa  (28)  reduces  ta 

*  •  -  TPif^  **'•  <”> 

Equatloa  (32)  is  quite  siailar  ta  the  Thfel  equatlaa  (27)  with  the  exceptlaa 
that  the  auaiber  "2”  is  replaced  by  the  praduct  "(l»a)  Z" ,  The  tern  '*Z"  is 
quite  clearly  the  auaber  af  electraas  that  are  traasf erred  before  aae  aet 
of  the  rate  liaitiag  step  eaa  take  place.  The  tent  "a",  aa  the  ether  head, 
represeats  the  fraetim  af  the  averpateatial  which  reduces  the  eaergy  barrier 
for  the  forward  reactioa.  It  is  aftea  paiated  out  that  d  •  j  represeats  a 
syaaetrical  eaergy  barrier.  Calculated  eaergy  curves  for  the  systea 


"Rt 


(29) 


DISTANCE  FROM  ELECTRODE 


Fig. 


Effect  of  Overpotential  on  Irreversible  Energy 
Barrier  at  Electrode. 
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(metal  +  e"),  indicate  the  o  ia  a  function  of  the  work  function  of  the 

metal  but  will  not  vary  greatly  from  j. 

Ihe  term  "Z"  can  be  separated  from  "a"  by  considering  the  relation  be¬ 
tween  I  and  ^  at  low  overpotentials  (  less  than  -20  siv.).^  In 

this  case,  equation  (28)  can  be  expanded  and  all  but  the  first  terms  of  the 
expansion  dropped.  Ibis  gives  the  relation, 


I 


Z  I,  Aj  F 


To  reduce  the  errors  due  to  the  expansl(»  of  tenss 


(33) 


3.  Chronopotentiometry 
a.  Basid  Theory 

Chronopotentiometry  is  the  study  of  the  voltage  time  behavior  at  a  single 
electrode  when  a  constant  current  is  applied  and  transport  of  reactant  is  con¬ 
trolled  by  diffusion  only.  In  order  to  develop  the  important  equations  for 
chronopotentiometry,  consider  a  reaction 

A  - >  B  ♦  ne"  (35) 

where  substance  A  is  oxidised  to  B  yielding  n  electrons.  Ihe  following 

17 

treatment  of  the  basic  relationships  will  follow  that  of  Delahay. 

Since  the  current  density,  i«,  is  constant  and  the  total  current  is 
assumed  to  be  due  to  the  reaction  of  A,  the  flux  of  substance  A  at  a  plane 
electrode  surface  can  be  written  as 


where  F  is  Faraday's  number,  *0^  is  the  diffusiyltgr'  af  A  aaA  '(x,’ty'Tepreseats 
the  concentration  of  A  at  a  distance  x  frcm  the  electrode  and  t  in  tine.  Ihe 
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notation  x-0  algnlflat  that  the  derivative 


ahould  be  taken 


at  x>0,  idiich  repreaenta  the  electrode  aurface.  The  following  boundary  con* 
ditiona  can  alao  be  eatabliahedt 


(x,0) 


(37) 


where  C^«  la  the  bulk  concentration  of  A. 


C.  (x»t) 


^A* 


oC 


(38) 


Ttie  three  conditions  stated  shove  are  sufficient  to  solve  Flck's  lav  of 
diffusion p 


(x,t)  J  ^  (x,t) 

d  t  "  ~3x  Pa  dx 


(39) 


if  ie  Independent  of  both  the  diatance  x  and  time.  In  electrolyte  solu¬ 
tions,  the  diffusivlty  ef  a  species  Is  a  fuactlss  sf  the  Isalo  strength  ef  the 
solution.  In  an  electrochemical  half  cell  reaction  at  least  one  of  the  re¬ 
actants  or  products  must  be  an  ion.  Thus,  there  would  be  a  buildup  or  de¬ 
pletion  of  ions  in  the  vicinity  of  the  electrode  as  the  reaction  proceeded 
and  would  be  a  complex  function  of  both  distance  and  time.  If,  however, 
the  half  cell  reaction  is  carried  out  In  a  large  excess  of  an  Inert  elec¬ 
trolyte,  the  diffusivlty  Is  Independent  sf  the  distance  and  time  In  spite  sf 
17 

changes  in  C^. 

The  concentration  of  B  can  be  solved  for  because  the  following  boundary 
conditions  are  known.  The  sum  of  the  fluxes  for  A  and  B  must  equal  sero  at 
the  electrode  surface, 


(0,t) 
a  X  ^ 


“b 


«)Cjj  (0,t) 

“■71 — 


(l»0) 


At  time  sero, 


and 


Cg  (x,0)  -  Cg. 


s- 


(iil) 

(la) 
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'Hie  solution  of  equation  (39)  for  A  was  reported  first  by  Weber^^  while 
31 

Karsoglanoff  was  the  first  to  calculate  the  concentrations  of  both  A  and  B 
as  functions  of  x  and  t.  Ihese  concentrations  are: 


for  the  case  where  *  0^  and  where  X  is  defined  as 


X 


ihS) 


1.  Reversible  Process 


Ihe  electrode  potential  for  a  reversible  process  can  be  determined  easily 
by  setting  x-0  and  substituting  the  values  of  (x 
tipn  (20). 


^t)  and  Cg  (xjt)  into  equa- 


in 

aF 


Va 


'A*'  ^  ” 

- TV? 

Y  ^ 


1/2 


(1*6) 


where  !•  the  activity  coefficient  of  A  and  y  1*  defined  aa 


V  21 »  , 

A 


(1*7) 


It  can  be  seen  from  equation  (lt6),  that  the  numerator  of  the  logarithmic 
term  goes  to  aero,  which  means  that  the  voltage  goes  to  infinity,  when  the 
time  has  the  value  T'  t  defined  as 

^  s  (M) 
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nie  significance  of  this  sudden  rise  of  the  voltage  to  infinity,  is  that  the 
reaction  of  A  can  no  longer  he  supported  at  this  current.  Dius,  soste  other 
reaction  must  take  place  at  the  electrode  surface.  In  aqueous  solutions, 
for  anodic  processes,  this  generally  leads  to  oxidation  of  the  electrode  or 
evolution  of  oxygen  due  to  the  oxidation  of  water.  However,  when  the  time 
T  is  reached  there  is  a  significant  change  in  the  voltage,  and  is 
one  of  the  inqportant  responses  in  chronopotentlcaetry. 

By  introducing  equation  (lt6),  another  interesting  aspect  of  the 

voltage'tlme  behavior  is  seen, 


E 


In 


(149) 


namely,  that  the  last  logarithmic  tern  is  aero  idien 


7^  1/2 

"  -r 


(50) 


or  when 


(51) 


Thp  voltage  at  this  point  la  called  ^2/2  when  a  laerciazy  electrode 

la  used  in  a  cathodic  proceaa  this  potential  la  equal  to  the  polarographlc 
17 

half  wave  potential* 


R  S2  In 

V2  *  5f  ^ 


(52) 


2 .  Irreversible  Processes 


For  an  irreversible  reaction  the  anodic  cooponent  for  a  metal  electrode 
of  unit  activity  was  shown  to  be 


i.  -  I 


i 


(53) 
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For  the  reaction 

A  — '  "  V  B  ne  (35) 

lo  can  be  expressed  as- 

I.  -  n  P  k*  (0,t)  (51*) 

in  terns  of  a  formal  rate  constant^  and  the  concentration  of  A  at  the 
electrode  surface^  (0^t)«  The  transition  tijne,T#  !•  determined  by  the 
condition  (0,t)  >  0^  Just  as  for  the  irreveraible  process.  Thus>  the 
voltage-time  equation  can  be  written  as 

E  -  In  ^  In  fl  (55) 

®  (l-  ^)ZF  ^  i,  "  (l.^)ZF  ^  L  ~  \  T  I  -* 

3.  Differentiation  of  Simple  Reversible  and  Irreversible  Processes 


From  equations  (52)  and  (55)  it  can  be  seen  that  there  are  two  simple 
methods  of  testing  Aether  a  process  is  reversible  or  .irreversible. 

The  first  is  to  plot  the  value  of  the  potential  at  t  •  T  /U  versus 
log  io.  In  the  case  of  the  reversible  process,  independent 
of  the  current  density,  whereas  for  the  irreversible  process,  a  straight 
line  of  slope  HT/(l-«»<)ZF  will  be  obUined.  ,  ^1/2  ^l/2 


The  second  is  to  plot  the  logarithm 


1 

With 


a  reversible  process 


•gainst  potential  at  any  current  density. 

1/2 

vs.  potential  yields  a  straight  line  of  slope  2.3  BT/hf, 


whereas  for  an  irreversible  process 
yields  a  slope  of  R'l/(l-<*<)ZF  and  an  Intercept  of 

n  P  c;  k? 

A  f 

i. 


f  log  1:  l+n  vs.  potential 


Such  tests  have  been  carried  out  for  both  reversible  and  irreversible 

17 

processes.  The  references  are  given  by  Delabay. 
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b.  Effect  of  Double  Layer  Capacity 

Because  the  potential  of  the  electrode  is  varying  during  chronopotentio- 
metry  and  the  double  layer  capacitance  is  a  function  of  the  potential,  a  cer¬ 
tain  amount  of  coulombs  must  go  into  the  charging  of  the  double  layer.  If 
this  amount  of  coulombs  is  a  significant  percentage  of  the  total  coulombs 
passed,  a  great  deal  of  distortion  can  take  place  in  the  potential  time 
curve. 

T!tic  number  of  coulombs  used  to  charge  the  double  layer,  Q^,  can  be  es¬ 
timated  by  using  an  average  value  for  the  double  layer  capacitance,  (C^), 

■  (C^)  (  Ae)  (56) 

where  ^  E  is  the  change  in  potential.  The  number  of  coulombs  in  the 
electrochemical  reaction  is 

%  -  i.T  (57) 

After  substituting  from  equation  (1(8)  for  r  j  the  ratio 

Q,  U.  C.  A  E 

5-  ■  - 

^e  7rnV(cj;)\ 

In  order  to,  reduce  ^2/%  ^ 

(C*)  >  2.7xl0'^i,  (59) 

where  was  chosen  as  10**^  cm‘^/sec,  A  E  as  0.1  volt,  and  ••  20  Mf/crn^. 

In  the  above  calculation  the  electrode  was  assumed  to  be  perfectly  smooth. 
This  is  the'case  for  liquid  metal  electrodes,  such' as  mercury.  However,  for 
metal  electrodes,  especially  electrodes  which  have  been  plated  to  provide  an 
active  surface  this  situation  is  frequently  far  from  true.  In  order  to  correct 

0  H 

for  this  effect  in  our  work  we  have  adopted  the  method  suggested  by  Bhelnmuth.'^ 
Ihis  is  shown  in  Figure  Ub. 
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c.  Effect  of  Surface  Roiighness 

If  the  roughness  of  the  surface  of  u  plain  electrode  becomes  of  the 
order  of  the  thickness  of  the  diffusion  layer,  the  constancy  of  the  product 
(i.TVa/c.)  cannot  be  eiipected.  Since  the  thickness  of  the  diffusion 
layer  Is  a  function  of  the  transition  time,  being  of  the  order  of  magnitude 
of  the  effect  of  surface  roughness  is  more  Important  at  shorter 

transition  times^  or  higher  current  densities.  Thus^  the  diffusion  front 
area  is  initially  large  vhen  the  surface  is  rough  and  becomes  smaller  as 
the  reactant  becomes  depleted  near  the  electrode  surface.  Eventually^  the 
diffusion  front  area  becomes  equal  to  the  area  that  would  be  expected  at  a 
smooth  electrode . 

1/2 

Tbe  effect  of  surface  roughness  is  to  cause  the  (i^t*^  /C*)  product  to 
be  higher  alT  short  transition  times  or  high  ciarrent  densities.^^ 

Effect  of  Adsorbed  Species 

r 

If  a  species  is  adsorbed  on  the  electrode  prior  to  the  start  of  the 
chronopotentiometric  experiment  and  this  adsorbed  species  is  reactive,  a 

r 

definite  nuniber  of  coulombs  must  be  expended  in  order  to  react  this  species 
before  the  reactant  dissolved  in  solution  is  reacted.  Since  the  number  of 
coulomb,  consumed  In  cbronopotentlometry  1.  a  function  of  the  transition  tlme« 

this  effect  will  became  more  noticeable  at  low  transition  times. 

1' 

A  coulomb  balance  on  such  a  system  Is  as  follows, 

'I 

where  obs.,  &lff.,  and  ads.,  stand  for  observed,  diffusion,  and  adsorbed 
speclea,  respectively.  How,  (l.t)  ads.  Is  equal  to  n  H  where  P*  Is 
the  number  of  moles  adsorbed  per  square  centimeter  of  projected  area.  If 
equation  (60)'  Is  now  divided  by  T  Ob.. 
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■  F 


However,  as  7*661.  approachea  Infinity  7*  becomea  equal  to  T  diff., 

*r*oba.  ■  *T'diff .  aa  *7*o6a. — (62) 

Thua,  for  long  obaerved  tranaition  tinaa, 


i. 


*pl/2 


oba. 


i.TV2 

•~c’"  ' 


diff. 


♦ 


n  F  P 
oba. 


aa  *7*oba.  ■  >•**  (63) 


From  equation  (63)  it  ia  aeen  that  P  can  be  determined  if  a  plot  la  made  of 
(i.T^/^/C*)oba.  va.  (l/T^^)oba.  Ihe  interaectlon  of  the  curve  at 
(l/T^^)oba.  -  0  ia  (i.7^^^/C*)diff ,  which  can  be  calculated  and  the  alope 
near  (1/7*  ^^)oba.  ■  0  ia  equal  to  (n  F  P /C*). 


e.  Complex  Proeeaaea 

By  examining  a  plot  of  current  denaity  va.  the  (l«'^^^/C*)  product,  an 
inaight  into  the  mecbanlam  of  the  electrochemical  proceaa  may  be  obtained. 
When  the  (i*i*P^^^/C)  product  ia  independent  of  the  current  denaity,  the 
voltage-time  curve  may  be  uaed  for  the  aame  purpoae.  Dlagnoatic  criteria 
to  diatlnguiah  different  mecbaniama  have  been  publiabed  by  Delahay  and 

I 

Hheinmuth. 


1*.  Double  Layer  Capacitance 

la  a  recent  article,  Laitenen^^  reviewa  the  methoda  for  determining  the 
amount  of  aubatancea  preaent  on  the  aurface  of  a  metal  in  an  electrolyte 
solution.  In  particular,  three  technlquea  are  examined;  coulometry,  chron»> 
potentiometry,  and  double  layer  capacitance  meaaureawnta .  Coulometry  la 
directly  applicable  if  no  aide  reactlona  take  place  and  definite  potential 
reglona  are  identifiable.  It  has  been  used  to  demonstrate  the  existence  of 
oxide  films  on  noble  metals  (Introduction  C2.).  The  use  of  chronopotentio* 
metry  to  determine  adsorbed  layers  is  actually  an  extension  of  the  use  of 
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(a)  VOLTAGE-TIME  CURVE  WHERE  DOUBLE  LAYER 
CHARGING  IS  NEGLIGIBLE 


(b)  VOLTAGE-TIME  CURVE  DISTORTED  BY  DOUBLE  LAYER 
CHARGING 


Fig.  4  Effect  of  Double  Layer  Charging  on  Potential  Time 
Curve. 
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coulometry,  except  that  the  number  of  coulombs  in  the  adsorbed  film  is  deter¬ 
mined  by  extrapolation  of  the  (i#'f'^^/C*)  product  to  values  of  T*  equal 
to  infinity  (see  Introduction  B3d.)«  Double  layer  capacity  measurements  are 
unique  since  this  technique  does  not  require  an  electrochemical  reaction  to 
take  place  and  responda  to  all  substances  which  change  the  dialectric  proper  ^ 
ties  of  the  metal  aolution  interface. 

When  a  metal  is  in  contact  with  an  electrolyte  solution,  the  metal 
acts  as  a  surface  of  free  charge  and  ions  of  opposite  charge  are  adsorbed 
from  the  bulk  of  the  solution  to  a  region  close  to  the  metal  surface  in 
order  to  maintain  electrical  neutrality.  Because  the  metal  and  the  adsorbed 
ions  are  physical  entities  they  must  be  separated  by  a  finite  distance.  Ihe 
effect  of  this  phyaical  aituation  is  exactly  analogous  to  a  capacitor.  The 
theories  regarding  the  distribution  of  ions  from  the  metal  surface  out  to 
the  bulk  of  t^.the  solution  lead  to  the  conclusion  that  the  double  layer  is 
not  simply  a  single  layer  of  ions  held  close  to  the  surface  of  the  mstal. 

For  details  .on  the  double  layer  structure,  the  following  reviews  are 
rebommeaded^^ 

a.  Problems  of  Heasurement  on  Solid  Metals 

Ihe  method  most  coomonly  used  to  measure  double  layer  capacity  on  oier- 
cury  electrodes  is  to  determine  the  change  in  interfacial  surface  tension  as 
a  function  of  applied  potential.  The  first  derivative  of  the  surface  tension- 
voltage  curve  glvea  the  surface  charge  denalty  by  the  well-known  Lippman 
equation.^  Hie  second  derivative  yields  the  capacitance.^ 

However,  with  aolid  metal  electrodes  no  reliable  method  has  been  found 
by  which  the  Interfacial  tension  of  the  metal-solution  interface  can  be 
determined.  Thus,  the  capacitance  is  measured  directly. 

Vftien  no  electrochemical  reactim  can  take  place  at  an  electrode,  the 
circuit  for  the  electrochemical  cell  can  be  written  simply  ast 
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where  represents  the  capacitance  of  the  double  layer  at  each  electrode 
and  Is  the  solution  resistance.  Usually  one  would  desire  to  measure  the 
capacitance  of  only  one  electrode^  so  the  area  of  the  electrode  that  is  not 
to  be  measured  is  made  much  larger  than  the  electrode  to  be  tested*  Since 
the  capacitances  of  the  two  electrodes  are  in  series,  the  reciprocal  of 
each  capacitance  is  added  and  if  one  capacitance  is  very  large  its  effect 
will  be  negligible*  Thus,  the  circuit,  under  this  condition,  can  be  written 


as, 


^ — Ih 


(65) 


However,  when  an  electrochemical  reaction  can  take  place  on  an  electrode, 
another  element  must  be  introduced  into  the  circuit,  namely  the  resistance 
of  the  reaction  H  , 


J— 


jVAAAA/VA- 

R_ 


(66) 


This  resistance,  Rp,  is  equal  to  /i  where  is  the  overpotential  and 

i  is  the  current  passing  through  the  resistance.  Since  alternating  current 

has  two  possible  paths  across  the  electrode  one  can  define  two  currents. 

One  is  caused  by  the  discharge  of  a  reacting  species,  i.e.,  across  resistance 

R  .  Ibis  is  called  the  faradlc  current.  Ibe  other  current,  is  caused  by 
P 

the  charging  and  discharging  of  the  capacitance. 

Ibe  usual  method  of  measuring  metal^solution  capacitances  is  to  deter¬ 
mine  the  cell  response  to  a  sine  wave  current  or  voltage.  The  amplitude  of 
the  sinosoldal  voltage  response  or  input  is  held  to  a  small  value  since  the 
capacitance  is  a  function  of  the  potential. 

Up  to  this  point  no  eoiqplications  have  been  introduced  in  the  determina¬ 
tion  of  the  elements  of  the  electrode  circuit  (66).  However,  when  one 
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attempts  to  measure  a  circuit  of  type  (66),  the  input  alternating  current 

or  voltage  causes  changes  in  the  concentrations  of  the  species  involved  in 

the  faradic  reaction.  Tbe  effect  of  this  is  to  change  the  circuit  so  that, 

with  the  exception  of  one  special  case,  the  electrode  cannot  he  simply 

22 

represented  by  a  fixed  set  of  resistor  and  capacitors* 

Since  this  coaQ;)lication  is  broiaght  about  by  the  faradic  current,  the 
vay  to  circumvent  the  problem  is  to  eliminate  the  faradic  current*  Ibis 
situation,  the  special  case  referred  to  above,  arises  %dien  is  infinite. 
All  the  alternating  cxurent  then  passes  through  the  capacitance  and  the 
electrode  is  termed  Ideally  polarized*  In  the  case  of  the  ideally  polarized 
electrode  the  circuit  can  be  represented  by  (6$)*  However,  one  must  be 
certain  that  is  infinite  before  analyzing  measurements  from  a  metal- 
solution  Interface  in'  terms  of  circuit  (65)* 


b*  Meaisurement  by  Square  Wave  Current 

Aside  from  the  measurement  of  double  layer  capacitances  by  passix^  an 
alternating  sine  wave  current  or  voltage,  there  are  other  methods  of  capaci¬ 
tance  measurement*  One  convenient  method,  suggested  by  Brodd  and  Hackerman, 
is  to  send  a  square  wave  cuzrent  input  to  the  electrode.  The  voltage  output 
of  the  cell  will  be  of  the  form  in  Figure  5a  for  an  ideally  polarized  elec¬ 
trode  and  as  in  Figure  5b  for  a  non-ideally  polarizable  electrode. 

The  step,  in  either  case,  is  due  to  the  solution  resistance,  R  ,  which 

s 

la  equal  to, 


111 


i  •  c  * 


(67) 


Fbr  the  ideally  polarizable  alectrode.  Figure  5a,  the  capacitance  is  simply, 


i  a 


.c. 

v: 


AT 


c  - 


(68) 
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Input. 
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Furthermore,  one  can  check  as  to  Aether  the  assumption  that  Rp  ■ 

is  valid  by  examining  the  curvature  as  a  fxinctlon  of  frequency >  since  at 

lover  frequencies  the  electrode  is  more  likely  to  behave  as  in  Figure  5b. 

25 

Hackerman  and  Brodd  used  the  square  wave  input  technique  to  determine 
the  relationship  betveen  double  layer  capacity  and  surface  area  at  constant 
potential  on  solid  metal  electrodes.  Later  Hackerman  and  McMullen^^  extended 
the  technique  to  examine  capacitance -potential  curves  and,  more  recently, 
the  technique  was  used  by  Popat  and  Hackerman^  to  determine  the  adsorption 
of  inorganic  anions  on  platinum  electrodes  at  constant  potential.  Cahan 
and  Ruetschl^^  superifiQ)Osed  a  square  wave  current  on  a  d.c.  current  in  order 
to  examine  transient  corrosion  films  on  lead  in  sulfuric  acid.  They  studied 
the  changes  in  double  layer  capacity  and  voltage  simultaneously. 

c.  Quantitative  Treatment  of  Adsorbed  Layers 

The  determination  of  organic  monolayers  by  double  layer  capacity  measure¬ 
ments  is  not  absolutely  straightforward.  !lhe  simplest  explanation  idiich  has 

been  applied  by  several  workers,  is  to  assume  a  parallel  capacitor  model  of 
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the  double  layer  for  fractional  monolayer  adsorption,  such  that 


C 


double  layer 


Pc 


sat 

double  layer 


♦ 


(1-  P  )  C 


double  layer 


(67) 


where 


r 


the  fraction  covered 


psat  , 

double  layer 
double  layer 

c 

double  layer 


differential  double  layer  of  a  saturated  monolayer 
differential  double  layer  of  a  clean  aurface 
measured  double  layer 


where  all  measurements  are  made  at  constant  potential  and  various  concentrsF* 
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tlons.  An  exanple  of  the  type  of  data  observed  was  given  by  Laitlnen  and 
is  shown  in  figure  6. 
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Fig.  6  Adsorption  Isotherm  for  Butyric  Acid. 
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Ihls  assumption  of  a  parallel  capacitor  has  been  Justified  In  the  case 
of  oxide  formation  on  a  platinum  electrode.  In  this  ease,  the  change  In 
double  layer  capacity  has  been  found  to  be  linearly  related  to  the  mllll- 
coulooibs  of  oxide  on  the  surf  ace.  With  platinvai  oxides  the  double  layer 

oapacltanee  increases  vlth  increased  oxide  coverage.  In  the  case  of  organic 
Roleeules  being  adsorbed  on  platinum,  the  capacitance  is  found  to  decrease 
vlth  Increasing  coverage.^ 

C.  Previous  Investigations  on  the  Electrochemical 
Oxidation  of  Formic  Acid 

1.  Work  of  E.  Muller 
a.  Early  Theory  • 

Ihe  flrbt  investigation  of  the  electrochemical  oxidation  of  formic  acid 

where  the  main  purpose  of  the  work  was  to  understand  the  mechanism  of  the 

39 

anodic  process  was  undertaken  by  MuUar  in  1923.  In  this  work  Muller  ob¬ 
tained  current-potential  curves  on  platinised  and  rhodenised  platinum, 
pallldlzed  palladium,  and  on  smooth  metals  including  platinum,  iridium,  and 
palladium,  turrent-potentlal  curves  were  taken  with  formic  acid  in  acid, 
neutral,  and  basic  aqueous  solutions  at  temperatures  ranging  from  20*C  to 
7$*C.  Although  not  stated,  the  shape  of  the  curves  indicate  that  they  were 
obtained  under  conditions  of  constant  potential,  l^pieal  curves  for  smooth 
platinum  in  1  Norml  sulfuric  acid  and  1  Molar  formic  acid  are  shown  in 
Figure  7.  The  dotted  line  in  Figure  7  represents  the  current  potential  curve 
obtained  when  no  formic  acid  was  present  in  the  aqueous  sulfuric  acid. 

In  the  pure  sulfuric  acid  oxygen  evolution  causes  the  rise  in  current 
after  >1.2  volts  vs.  N.C.B.  that  is  seen  in  Figure  6.  However,  when  the 
formic  acid  is  present,  the  current  rises  at  a  lower  potential,  increases 
to, a  maximum,  and  then  falls  only  to  rise  again.  Furthermore,  this  ■*«*« 
mua  is  seen  in  .Figure  6  to  increase  with  increasing  twiperature.  On  platinised 
platinum  the  same  general  shhpe  was  obtained,  only  in  this  case  bitter  currents 
were  observed. 


45 


In  order  to  explain  the  question;  vhat  can  cause  the  sudden  rise  of 
resistance  in  the  region  after  the  maximun  current,  Muller  suggested  the 
following  scheme.  First,  the  formate  ion  was  postulated  to  be  oxidized  in 
a  one-step  process  to  an  oxidized  intermediate: 

H  -  ^ 

This  intermediate  was  then  thought  to  be  cataljrticalTy  decomposed  by  the 
metal  anode  to  hydrogen  and  CO2, 

H  -  C^o  - ^  H  >  COg  (69) 

and  the  resulting  hydrogen  atom  easily  oxidized  to  a  hydrogen  ion  as  follows: 

H  - ^  >  e“  (70) 

Muller  felt  that  as  the  potential  was  increased,  the  metal  became  covered 
with  an  oxide  layer.  The  oxide-covered  metal  was  not  catalytic  and  hence  re- 
acticxi  (69}  did  not  proceed.  Hence,  the  current  decreased  until  the  potential 
for  the  reacticm 


%ras  attained. 

Previously,  Muller  had  investigated  the  electrochemical  oxidation  of 
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formaldehyde  on  copper  and  had  found  that  was  given  off  at  the  anode. 
In  order  to  e3q>lain  this  unexpected  result  Muller  suggested  that  the  formal¬ 
dehyde  was  in  equilibrium  with  a  partially  oxidized  form  in  the  solution: 


«2<0- 


H^C, 


^OH 


♦  H 


(72) 
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In  the  case  of  formic  acid,  he  proposed  a  similar  e(iuillbriiim, 

H  -  H*  <— ■  ^  ♦  H  (73) 

If  such  an  equilibrium  were  to  exists  Muller  expected  to  find  a  current 

peak  corresponding  to  the  oxidation  of  the  hydrogen  cm  the  surface.  Since 

it  was  Known  that  palladium  was  an  excellent  adsorbent  for  hydrogen^  such 

a  current  peak  was  expected  on  the  palladium  electrode.  At  20 *0  only  one 

peak  was  seen  at  *0.6  v  and  no  second  peak  was  observed^  but  at  75*C  a 

small  peak  current  was  seen  on  plain  palladium  at  about  *0.2  y  besides 

the  peak  at  'K).6  v.  vs.  N.C.E.  Furthermore,  when  pallldlzed  palladium 

was  used  on  the  anode  at  75"C  a  strong  maximum  current  at  -0.2  v  was  observe<i 

and  this  corresponded  to  the  potential  at  which  hydrogen  itself  was  electro 
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chemically  oxidized. 

As  to  the  effect  of  pH  Muller  observed  the  same  general-shaped  curves 
and  with  the  exception  of  plain  platinum,  all  the  metals  exhibited  the 
highest  maximum  current  In  neutral  solution,  rhodium  being  the  most  active 
catalyst.  On  plain  platinum  current-voltage  oscillations  were  found  in 
heutral  solution. 

b.  Revised  Theory 

Muller  published  further  observations  and  theories  on  the  electrochemical 
oxidation  of  formic  acid  in  1927.^^  Here,  he  revised  bis  earlier  postulates, 
such  as  the  existence  of  an  H  -  molecule,  and  presented  a  new  theory 
based  on  "der  neuen  Atomtheorle*\ 

i.  Importance  of  Adsorption 

Here,  lliuller  states  that  the  chemical  decomposition  of  the  undissociated 
formic  acid  proceeds  first  by  an  adsorption  step  as  follows: 
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H  •• c I  Jo : 


H**  0 


M  •  H  •  c 0 


M  •  H 


C  •  •  0  • 


where  M  represents  a  metal  site  and  the  dots  represent  electrons,  the  electrons 
of  the  metal  being  outer  electrons.  Once  the  formic  acid  has  been  adsorbed, 
the  carbon  dioxide  can  be  set  free  and  the  hydrogen  remains  adsorbed  by  the 
metal.  Muller  stated  that,  because  of  the  surface  regularity  of  smooth 
metals,  reaction  (7U)  proceeds  extremely  slowly  if  at  all  on  smooth  metals, 
but  can  take  place  on  spongey  or  plated  metals.  Muller  felt  that  the  ad¬ 
sorbed  hydrogen  accounted  for  the  electrochemical  behavior  of  palladium 
noted  previously. 

Once  the  voltage  was  raised  to  sufficiently  anodic  potentials,  the 
current  rose  due  to  the  oxidation  of  the  formate  ion.  Muller  thought  that 
the  formate  ion  discharge  was  also  preceeded  by  an  adsorption  step: 


H* 0  r 


H  •  c;: 0 : 


•-0  • 


However,  the  adsorbed  formate  ion  could  not  further  decompose  until  an  elec¬ 
tron  was  removed  from  the  structure,  i.e*,  until  the  ion  was  discharged  at 
the  surface.  Once  this  occurred,  the  resulting  '*00^  complex"  was  decomposed 
catalytically  as  follows. 


I 


\::o:  (76) 

•  or* 

•  « 

the  remaining  adsorbed  hydrogen  atom  being  easily  discharged  to  hydrogen 
ion  electrochemically.  Muller  felt  that  reaction  (76)^  Just  as  (7i^)>  occurs 
very  slowly  on  smooth  metals  because  of  the  "special  position"  of  the  mole¬ 
cule  when  it  hits  the  surface.  Here^  Muller  is  basing  his  argument  more  on 
an  underlying  assumption  of  the  rigidity  of  the  formic  acid  or  formate  mole*- 
cule  than  on  steric  factors  such  as  bond  lengths  and  metal  site  distances. 


H  • 


#  # 

c::o; 
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il.  Explanation*  of  Oscillatory  Behavior 

By  operating  in  higher  formic  acid  concentrations,  Muller^^  observed 
current^voltage  oscillations  on  rhodenised  platinum  and  pallidized  palladium. 
Ihe  higher  potential  in  the  oscillation  was  assumed  to  be  the  potential  of 
the  discharge  of  the  formate  ion,  the  lover  potential  represented  the  dis¬ 
charge  of  the  hydrogen  resulting  frcxn  the  discharge  of  the  formate  ion.  Ihis 
scheme  can  be  represented  as  follows: 


MHCOO" 


higher  ^ 
potential  ^ 


MHCOO  +  e 
chemical  decomposition 
1 - -y  MH  +  COg 


lover 

potentia 


e 


(77) 


This  theory  he  felt  was  especially  borne  out  by  the  behavior  of  pallidized 
palladium  18 *C.  This  is  shown  below  In  Figure  8.  Zn  Figure  8  the  region 
of  oscillations  is  characterized  by  parallel  lines.  Ibe  initial  rise  In 
Figure  8  below  0  volts  vs.  N.C.£.  was  previously  shown  to  be  due  to  hydrogen 
discharge.  The  fact  that  the  alnlnuffl  potentials  are  in  this  potential 
region  of  hydrogen  discharge  support  the  view  that  the  electrochemical  oxlda- 
tlm  of  hydrogen  plays  an  iaq;>ortsnt  role  in  the  periodic  phenomena. 


iN3adnD 
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In  a  later  publication  Muller  reported  on  oscillations  observed  with  a 
IM  NaOOCH  and  formic  acid  solution  on  a  rhodenised  platinum  electrode 
Under  the  conditions  of  this  experiment  the  oscillations  exhibited  a  constant 
period  at  a  given  current  density.  Ibe  product  of  the  current  density  and 
the  time  of  a  period  was  found  to  be  constant.  This  amount  of  coulombs  was, 
interpreted  to  be  the  amount  of  coulombs  necessary  to  discharge  enough  for¬ 
mate  so  that  the  surface  would  be  saturated  with  adsorbed  HCOO. 

iii.  Evidence  for  Oxide  Layer  Inhibition 

By  first  increasing  the  potential  to  voltages  higher  than  +1.2  v  vs. 

N.C.E.  and  then  decreasing  the  voltage,  Muller^^  found  a  significant  hysteresis 
effect  in  the  current  potential  curve.  Ttiis  is  shown  below  in  Figure  9.  The 
arrows  in  Figure  9  indicate  the  direction  in  which  the  potential  was  changed. 
Once  the  potential  was  raised  to  about  +1.1  v  vs.  N.C*B.  the  electrode  was 
felt  to  be  covered  with  an  oxide  layer,  which  in  the  case  of  a  rhodium  elec¬ 
trode,  could  not  be  removed  until  low  potentials  were  attained.  !nie  fact 
that  different  currents  were  attained  at  the  same  potential  depending  on 
whether  the  oxide  was  present,  was  attributed  to  the  non-catalytic  nature 
of  the  oxide  surface. 

iv.  Products  of  Electrochemical  Oxidation 

Muller^^  also  showed  that  the  products  of  the  potential  region, 
idiich  includes  the  oscillations,  and  the  high  potential  region  near  +1.2  v. 
vs.  N.C.E.  where  the  metal  is  covered  with  oxide  yield  the  same  reaction 
products.  Namely  in  10  molar  HCOOH  and  1  molar  NaCOOH  with  a  rhodinized 
platinum  anode  and  platinum  cathode  at  19*C,  the  formic  acid  was  electrolyzed 
quantitatively  to  carbon  dioxide  and  hydrogen  in  both  potential  regions. 
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2.  Oxide  Formation  on  Hoble  Metale 

Whereas  the  existence  of  oxides  on  noble  metals  had  been  assumed  for 

many  years,  the  proof  of  oxides  on  a  noble  metal  such  as  platinum  was  not 

PH 

obtained  until  fairly  recently.  It  vaa  not  until  19b7  when  Hickling  per¬ 
formed  experiments  on  platinum  at  constant  current  in  neutral,  acldy  and 
basic  solution  that  the  existence  of  oxides  on  platinum  was  on  a  firm  basis. 
Hickling  counted  the  coulombs  passed  in  different  potential  stages  of  the 
oxidation*  In  particular^  three  stages  were  found.  O^e  first  vas  due  to 
adsorbed  hydrogen  put  on  the  surface  by  an  initial  cathodic  polarization. 

The  seco.id  vas  due  to  the  charging  of  the  double  layer.  The  onset  of  the 
third  stage  I  noted  by  a  bend  in  the  potential  time  curve  ^  occxarred  at  the 
same  potential  which  had  been  estimated  for  platinum  oxide.  Furthermore^ 
Hickling  calculated  that  the  coulombs  passed  in  the  third  potential  stage 
corresponds^  roughly  to  one  oxygen  atom  per  atom  of  platinum  on  the  sur¬ 
face. 

Anson  ^nd  Llngane^  show  more  conclusive  proof  when  they  compared  the 

coulombs  parsed  not  only  in  the  anodic  charging  curve  but  alse  the  csulembs 

needed  to  cathodically  strip  the  oxides  from  the  platinum.  These  authors 

also  reduce^  the  oxides  by  chemical  means  and  found  the  same  number  of 

equivalents  of  oxide  Independent  of  whether  the  electrochemical  or  chemical 

technique  Vfta  used. 

3li 

Lingao^  showed  that  platinum  oxide  was  formed  in  the  oxidation  of 
oxalic  acid^.  Lingane  oxidized  the  oxalic  acid  chronopotentiometrically  and 
found  that  {Lt  was  necessary  to  subtract  a  constant  number  of  coulombs  from 
the  i«  product  in  order  to  correlate  the  transition  times  obtained  at 

different  currents.  This  number  of  coulombs^  Lingane  founds  was  due  to  the 
formation  of  platinum  oxides  on  the  electrode. 
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3*  Recent  Work  on  the  Electrochemical  Oxidation  of  Formic  Acid 

Pavela^^  examined  the  limiting  current  densities  of  methanoli  formalde* 
hyde^  and  formic  acid  on  platinised  platinum  in  195k-  The  limiting  current 
density  is  the  highest  current  density  that  can  be  supported  before  electrode 
oxidation  takes  place.  This  current  density  vas  measured  by  increasing  an 
externally  controlled  current  in  steps  until  the  voltage  rose  to  the  platinum 
oxide  potential*  No  steps  vere  taken  to  avoid  ^concentration  polarization** 
so  that  it  vas  not  surprising  to  find  that  the  results  vere  ''generally  good 
to  ten  per  cent".  Ihe  appearance  of  concentration  polarization  would  be 
most  likely  to  occur  at  low  concentrations  oa  a  plated  electrode.  Because 
of  the  galvanostatic  voltage  oscillations,  Pavela  was  only  able  to  measure 
the  limiting  current  densities  at  concentrations  belov  0.5M  HCOOH  in  IK 

The  limiting  current  densities  reported  for  formic  acid  were  all  obtained 

in  IN  I^vela'a  results  show  Increased  performance  as  teiqperature  ix^ 

creased  from  1*C  to  1x6*0  and  as  concentration  increased  from  0.05  to  0.5M 
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HCOOH.  The^e  trends  agree  with  the  results  found  by  t^ler  at  constant 
voltage . 

More  recently.  Buck,  et  al,^  ^  have  been  investigating  the 
electrochemical  oxidation  of  methanol,  f oriBaldehyde ,  and  formic  acid  on 
platinized  platinum  with  the  aim  of  ascertaining  the  mechanisms  of  these 
oxidations  in  basic,  neutral,  and  acid  solutions,  niese  authors  carried  out 

U  ^  A 

cbronopotentiometric  exqperiments  of  O.IM  HCOOH  in  2.5M  H^SOi^.  It  was 

found  that  the  shape  of  the  chronopotentiogram  was  affected  by  the  length 
o^  time  the  platinised  platinum  electrode  was  left  in  solution  between  ex¬ 
periments.  'In  particular,  when  the  electrode  was  left  in  solution  for  ten 
ndnutes  the  voltage  exhibited  a  maximum  at  the  beginning  of  the  chrono- 
petentlogram.  On  the  other  hand^  when  the  electrode  was  left  in  the  solu¬ 
tion  only  thirty  seconds,  the  voltage  rises  slowly  atfirst  indicating  the 
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oxidation  of  some  species  more  easily  oxidised  than  formic  acid.  This 
phenomena  was  esqplained  in  the  following  manners  "Upon  standing  at  open 
circuit  for  short  tlmes^  a  material  forms  on  the  electrode  which  oxidizes 
at  more  negative  potentials  than  the.  electrochemically  active  species  of 
formic  acid.  At  longer  times^  a  material  is  formed  on  the  electrode  which 
oxidizes  at  more  positive  potentials  than  formic  acid.  This  latter  material 
is  oxidized  and  removed  from  the  electrode  before  the  oxidation  of  formic 
acid  can  proceed  because  it  effectively  blocks  the  electrode  while  it  is 

u 

there."  llie  transition  time  on  platinized  platinum  was  not  noticeably 
different  in  the  two  cases  at  the  same  current* 

Buck^  et  al^^  ^  also  used  cyclic  voltammetric  scans  of  formate 
and  formic  acid  to  examine  the  electrochemical  oxidation  of  formic  acid.  In 
this  techni(iue  the  voltage  between  the  test  electrode  and  the  reference  elec¬ 
trode  is  controlled  so  that  it  varies  linearly  with  time.  At  the  same  time 
the  current  passed  through  the  test  electrode  is  measured  on  a  recorder. 

When  the  potential  at  which  an  electrochemical  reaction  can  take  place  is 
reached,  the  current  Increases.  If  the  reactant  is  present  in  solution  in 
only  a  small  amount^  the  current  will  decrease  due  to  the  fact  that  the 
supply  of  reacuint  will  diminish  as  it  reacts. 

Ihe  mathematical  equations  for  cyclic  voltammetry  have  been  solved 

17 

only  for  simple  one«step  reversible  and  irreversible  processes.  However j 

much  useful  information  can  be  obtained  by  examining  the  current  voltage 
traces.  A  multiplicity  of  current  peaks  indicate  multistep  processes.  The 
height  of  the  first  current  peak  gives  a  measure  of  the  rate  of  the  reaction, 

if  the  reaction  is  irreversible. 

9  10 

Buck,  et  al,  found  that  a  doublet  peak  was  in  evidence  in  the 

oxidation  of  formic  acid  between  pH  10  and  $H  H2S0^.  Ibis  doublet  was  com*- 
posed  of  two  peaks  very  close  together  in  potential.  The  first  peak  appears 
at  about  ’K).5»  the  second  at  about  ♦O.?  v  vs.  a  electrode  in  the  same 
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solution.  Ibe  more  negative  peak  predominates  in  the  more  basic  solution. 

At  pH  10  the  'K>.7  v  peak  appears  Just  as  a  shoulder  on  the  tall  end  of  the 
0.5  V  peak.  As  the  solution  is  made  more  acid,  this  more  positive  current 
peak  grows  while  the  more  negative  one  decreases.  In  9M  no  trace  of 

the  >0.5  V  peak  remains.  Vielstich^^  also  found  two  peaks  between  >.b  and 
>1.0  V  vs.  in  a  cyclic  voltage  scan  of  formic  acid  in  sulfuric  acid. 

This  doublet  formation  indicates  either  that  the  formic  acid  can  be  oxidized 
In  two  ways  or  that  the  process  occurs  In  two  steps. 

Another  current  peak  was  observed  by  Buck,  et  al,  at  about  >1.1  v  vs. 
a  electrode  in  the  same  solution.  This  peak  was  first  noted  at  pH  10  and 
grew  steadily  with  increasing  acidity.  In  9M  H2S0|^  It  is  the  largest  current 
peak  observed.  Buck,  et  al,^  Interpreted  this  peak  as  an  acid  and  platinum 
oxide-catalyted  oxidation  of  formic  acid. 

By  comparing  the  height  of  the  first  current  peak,  it  can  be-  seen  that 
formic  acid  is  most  easily  oxidized  in  neutral  solutions  from  pH  10  to  pH  3. 

Other  Investigations  of  the  electrochemlcsl  oxidation  of  formic  acid 
are  being  carried  out  by  Heath,  et  al,^  and  Hauel,^  et  al. 

D.  Present  Investigation 

The  present  Investigation  was  undertaken  in  order  to  obtain  a  better 
understanding  of  the  mechanism  of  the  electrochemical  oxidation  of  formic 
acid  on  plain  platinum.  In  particular,  it  was  desired  to  gain  more  insight 
into  the  unusual  voltage  behavior  exhibited  by  formic  acid.  An  atteiqpt  was 
made  to  ascertain  the  significance  of  the  minimum  potential  observed  after 
oxide  reduction  and  the  causes  for  the  rise  of  potential  at  open  circuit 
after  this  minimum  was  observed,  aad  insight  about  the  galvanostatic  voltage 
oscillations  observed  in  the  electrochemical  oxidation  of  formic  acid. 

The  mechanism  of  the  electrochemical  oxidation  of  formic  acid  was  to 
be  determined  by  chronopotentlometry.  Uhe]q;>ected  results  obtained  by  that 
technique,  however,  led  us  to  the  use  of  double  layer  capacitance  measurements 
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by  square  wave  current*  ObservatioDs  of  the  open  circuit  voltage  behavior 
were  examined  as  a  function  of  pH,  electrode  pretreatmant,  and  the  presence 
of  certain  gaaea. 
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III.  APPARTU3  AND  EXPERIMENT!AL  PROCEIXJRE 

A.  Materials  Used 

1.  Platlpun  Electrodes 

Ibe  platinum  sheet  and  wire  from  which  platinum  electrodes  were  fabri¬ 
cated  was  pure  and  obtained  from  the  Baker  Platin<jm  Division  of 

Englehard  Industries.  Electrode  fabrication  was  carried  out  in  the  following 
manner.  Platinum  sheet  0.010  Inches  thick  was  cut  into  a  0.50  CM.  by  1.0  CM. 
rectangle.  A  0.006  inch  diameter  platinum  wire  was  spot  welded  to  the  platinum 
sheet. 

When  an  electrode  was  not  being  tested  it  was  kept  in  distilled  water 
placed  in  a  covered  beaker.  Before'  using  the  electrode  the  following  cleaning 
procedure  was  followed: 

1.  The  electrode  was  placed  in  bentene, 

2 .  then  immersed  in  acetone , 

i.  then  rinsed  thoroughly  in  distilled  water. 

U.  next  the  electrode  was  immersed  in  concentrated  sulfuric  acid  and 
finally 

5.  rinsed  again  with  distilled  water. 

This  procedure  was  used  unless  otherwise  noted.  Once  the  electrode  was 
in  solution,  the  electrode  was  cleaned  by  brief  anodic  oxidation. 

2.  Chemicals 

The  chemicals  used  along  with  their  manufacturer  and  purity  are  listed 


below. 
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Chemical _ Manufacturer 


Acetone 

Baker 

A.R. 

Benzene 

Fisher 

C.R. 

Formic  Acid 

Baker 

A.R. 

Phosphoric  Acid 

Baker 

A.R. 

Potassium  Chloride 

Baker 

A.R. 

Potassium  Hydroxide 

Baker 

A.R. 

Sodium  Formate 

Merck 

Reagent 

Sodium  Nitrate 

Baker 

A.R. 

mono-Sodium  Phosphate 

Baker 

A.R. 

di-Sodium  Phosphate 

Fisher 

C.R. 

tri*Sodium  Phosphate 

Fisher 

C.R. 

Sulphuric  Acid 

DuPont 

Reagent 

Gas 

Manufacturer 

Purity 

Air 

Air  Company 

? 

Carbon  Dioxide 

Pure  Company 

7 

Carbon  Monoxide 

Matheson 

7 

Nitrogen 

Air  Company 

Prepurified 

59 


B.  Apparatus 

1.  Chronopotentlometry 

The  ehronopotentiometrlc  experiments  vere  carried  out  in  an  all  glass 
cell.  The  apparatus  is  shown  in  Figure  10.  Three  12  volt  batteries  in  series 
with  a  large  decade  resistor  were  employed  to  maintain  the  current  constant 
to  within  three  per  cent.  Before  a  typical  run^  the  electrode  was  cleaned 
by  brief  oxidation.  Then  nitrogen  was  bubbled  through  the  solution  for  one 
minute  to  remove  traces  of  oxygen  and  to  maintain  a  blanket  of  nitrogen 
above  the  solution.  This  Inert  atmosphere  was  necessary  since  the  oxidation 
of  formic  acid  by  dissolved  oxygen  is  catalyzed  by  platinum.  Such  reaction 
would  not  necessarily  cause  a  large  change  in  the  bulk  concentration  of  the 
formic  acid  in  the  cell  during  the  time  of  the  experiments^  but  it  might 
cause  a  concentration  gradient  near  the  surface  of  the  electrode.  A  deple¬ 
tion  of  formic  acid  near  the  electrode  would  seriously  impair  the  accuracy 
of  the  results  by  causing  shortened  transition  times.  The  nitrogen  bubbling 
also  served  to  stir  the  solution  and  thus  insure  the  mixing  of  the  formic 
acid. 

Since  the  technique  of  chronopotentlometry  requires  that  diffusion  must 
be  the  only  > method  of  transport  of  the  reactant  from  the  bulk  solution  to 
the  electrode,  at  least  one  minute  of  waiting  time  was  provided  after  the 
nitrogen  was  stopped.  During  this  time  the  stirrer  in  the  constant  tempera¬ 
ture  bath  was  turned  off  to  minimize  convection  currenta.  The  whole  appara¬ 
tus  was  carefully  constructed  so  that  no  vibrations  could  be  felt  on  the 
cell  even  when  the  stirrer  was  on.  However,  it  was  felt  that  to  be  sure  of 
eliminating  convection  currents  the  stirrer  should  be  turned  off  before  and 
during  the  i^ctual  runs*  , 

During  ,a  run,  a  constant  current  was  set  by  adjusting  the  decade  re¬ 
sistance  and  read  from  the  Weston  9^  aaneter*  The  voltage- time  behavior 
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Fig.  10  Apparatus  for  Chronopotentiometry. 
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was  recorded  on  the  Sargeant  MR  recorder*  l!be  current  was  turned  off  when 

the  voltage  had  risen  to  the  point  vhere  metal  oxide  existed  on  the  electrode* 

Although  formic  acid  depolarizes  noble  metal  oxides  at  the  lover  con* 

centrations  used  in  the  chronopotentiometric  experiments^  the  oxide  could 

not  be  reduced  in  a  reasonable  length  of  time*  In  these  cases^  the  current 

2 

was  decreased  to  a  small  value  betveen  10  and  $0  ^/cm  ,  and  the  current 
reversal  switch  was  thrown  to  reduce  the  oxides  electrochemically* 

Care  was  taken  to  insure  that  the  voltage  of  the  test-electrode  did 
not  reach  that  point  where  hydrogen  would  be  evolved  since  the  test-elec¬ 
trode  became  a  cathode  when  the  current  was  reversed.  If  significant 
amounts  of  hydrogen  were  generated  near  the  electrode,  the  accuracy  of  the 
next  chronopotentiogram  would  be  in  question.  Thus,  the  voltage  of  the 
test-electrode  was  closely  watched  while  the  cathodic  current  was  used  and 
the  current  vas  turned  off  when  the  potential  dropped  Just  below  the  point 
at  which  thej  oxide  was  no  longer  stable.  The  application  of  a  small  cathodic 
current  insured  close  control  in  this  operation. 

At  thief. point  the  nitrogen  was  turned  on  and  a  new  run  was  started.  Al¬ 
though  a  number  of  runs  were  made  in  the  same  solution,  the  bulk  concentration 
of  formic  acid  did  not  change  appreciably  during  this  time  (see  Appendix  C)* 

2.  Miaimum  Open  Circuit  Potentials 

The  minimum  open  circuit  potential  at  a  planar  platinum  electrode  was 
determined  in  an  all  glass  cell  having  two  compartments  separated  by  a 
glass  frit.  The  platinum  electrode  was  connected  to  a  constant  current 
electrical  network*  The  potential  of  the  electrode  was  measured  on  the 
Sargeant  MR  voltage  recorder  against  a  saturated  calomel  electrode  which 
was  placed  in  a  separate  beaker  and  connected  to  the  cell  by  means  of  a 
solution  bridge*  The  experimental  apparatus  for  determining  the  effect  of 
carbon  monoxide  is  shown  in  Figure  11.  When  c»ly  nitrogen  or  carbon  dioxide 
was  being  bubbled  through  the  solution,  the  flow  rate  of  the  gas  was  not 
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63 


metered.  However >  the  results  obtained  were  not  sensitive  to  changes  in 
flow  rate  as  long  as  a  steady  stream  of  bubbles  was  present* 

In  a  typical  run  an  anodic  current  pulse  of  from  10  to  BO  milliaoperes 
per  square  centimeter  in  amplitude  and  less  than  one  second  in  time  was  put 
through  the  electrode.  Ttie  voltage  behavior  of  the  test  electrode  against 
the  saturated  calomel  electrode  was  followed  on  the  Sargeant  MR  recorder* 

Ihe  minimum  potential  after  current  cut  off  was  noted. 

3*  Double  Layer  Capacitance 

Double  layer  capacitance  measurements  were  obtained  either  at  constant 
current  or  at  constant  voltage.  Hie  square  wave  input  type  of  measurement 
originated  by  Hackerman  (see  Introduction  sUb.)  was  used. 

a.  Constant  Current 

The  api^aratus  used  at  constant  current  is  shown  in  Figure  12.  Hie 
square  wave  current  input  was  obtained  from  a  Hewlett-Packard  202A  function 
generator  (Osc*in  Figure  12).  Generally,  frequencies  of  1000  or  1200  cycles 
per  second  were  used.  Hie  voltage  oscillation  from  the  generator  was  passed 
through  a  10^  ahm  resistor,  R2i  cuid  to  an  a.c.  dumi^y  electrode,  which 
was  a  large  platinum  electrode,  about  B  cm^  apparent  area,  heavily  platinized. 

The  voltage  output  from  the  cell  was  displayed  on  a  Tektrmix  $02  dsubLe 
beam  oscillSscope*  A  Hektrmix  C-12  camera  witk  a  Pslarsid  .back  was  used  ta 
take  pictures  of  the  output  when  studies  were  made  during  the  rise  of  poteor 
tial  at  open  circuit  or  during  oscillations. 

The  voltage  of  the  test  electrode  was  measured  on  the  Sargeant  MR 
recorder  va.  a  saturated  calomel  reference  electrode.  Hie  voltage  recorder 
was  unaffected  by  the  1000  c.p.s*  input  to  the  test  electrode* 

The  square  wave  current  was  measured  by  displaying  the  voltage  drop 
across  the  10^  shm  resistor  on  one  beam  of  the  oscillsscope. 
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Three  12  volt  batteries  connected  in  series  with  a  large  variable  resib- 

/ 

tance^  Ey  afforded  a  constant  current  source  between  the  test  electrode, 
and  the  d.c*  duony  electrode,  ^  glass  frit  separated  the  anode  coo^art- 
ment  from  the  cathode,  so  that  the  hydrogen  generated  at  the  d.c.  dumoy  would 
not  interfere  with  the  oxidation  of  fonaic  acid. 

b.  Constant  Voltage 

Ttie  apparatus  used  to  measure  double  layer  capacitance  at  constant 
voltage  is  shown  in  Figure  13*  In  this  apparatus  the  voltage  was  held 
constant  by  means  of  a  voltage  divider,  R^,  The  constancy  of  the 

voltage  was  verified  by  measuring  the  voltage  vs.  a  saturated  calomel  elec¬ 
trode. 

The  square  wave  current  was  generated  by  the  Hewlett-Packard  202A  func¬ 
tion  generator  at  a  frequency  of  1000  c.p.s.  In  order  to  prevent  the  square 
wave  current  from  passing  to  ground  through  the  voltage  divider,  (R^  see 
Figure  13),  a  $00  mH  inductance  was  placed  between  the  oscillator  and  the 
voltage  divider.  Ibe  Inductance  not  only  stopped  the  a.c.  signal  but 
proved  to  be  the  most  noise  free  method  of  measuring  the  cell  response  to 
the  square  wave  input.  The  square  wave  current  was  adjusted  so  that  the 
cell  response  was  always  less  than  10  mv. 

The  cell  used  in  the  controlled  voltage  measurements  was  somewhat 
different  than  that  eaploytd  in  the  controlled  current  experiments.  In 
order  to  insure  uniform  current  densi’^  a  platinum  wire  was  used  as  a  test 
electrode,  £^.  This  wire  was  placed  inside  a  cylindrical  platinum  wire 
screen  dumn^y  electrode.  The  dummy  electrode  had  SO  times  the  area  of  the 
platinum  wire. 

All  experiments  at  constant  potential  were  carried  out  in  the  following 
manner.  The  potential  was  raised  to  a  point  where  oxides  existed  on  the 
platinum  wire,  1.7  v  vs.  84C.E.  in  IH  8280^1  and  held  there  for  60  seconds. 
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at  Constant  Potential. 
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Thm  open  circuit  was  established  and  the  potential  rapidly  dropped  to  the 
minimum  potential.  After  about  10  seconds  the  potential  was  set.  Capaci* 
tance  measurements  were  read  from  the  oscillascope.  Tht  capacitance  changed 
with  time  at  first |  but  became  constant  within  fifteen  minutes.  However , 
twenty  minutes  was  taken  on  each  run  to  be  sure  that  the  capacitance  was  at 
a  ccxistant  value*  The  steady  state  capacitance  and  the  fixed  voltage  were 
then  recorded. 

Nitrogen  was  bubbled  through  the  solution  at  all  times  to  prevent 
diffusion  from  becoming  a  determining  factor  in  the  capacitance«-potential 
data . 

c.  Establishment  of  the  Ideally  Polarized  Electrode 

The  success  of  measuring  the  double  layer  capacitance  was  entirely  de* 
pendent  on  the  ability  to  establish  or  approximate  an  Ideally  polarizable 
electrode  (see  Introduction  Blia.).  Ihe  square  wave  current  technique  allows 
the  experimenter  to  estimate  when  this  condition  is  fulfilled.  If  the  cell 
voltage  response  is  curved  (see  Figure  5)  then  the  electrode  is  not  ideally 
polarized.  However^  it  is  a  problem  to  determine  when  the  slope  of  the  cell 
voltage  response  corresponds  to  a  straight  line. 

•  -I 

In  order  to  check  whether  a  typical  case  at  constant  current  was  "ideally 
polarized"  the  following  test  was  made.  In  a  double  layer  measurement  where 
no  curvature  in  the  ramp  portion  of  the  a.c.  cell  voltage  response  was  de* 

"I 

tected,  a  sine  wave  current  input  at  the  same  frequency  was  put  on  the  elec* 
trode.  Theu  voltage  response  of  the  cell  was  presented  on  the  ordinate  of 
the  oscillascope  screen  and  the  voltage  drop  across  a  large  known  resistance 
was  presented  on  the  abscissa.  The  latter  val^^e  drap  was  directly  prapar- 
tional  to  the  sine  wave  current. 

The  presentation  on  the  oscillascope  is  a  Lisajous  figure  and  the  im¬ 
pedance  and  phase  angle  of  the  cell  circuit  can  be  simply  computed  as  follows: 
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i  •  sincot 

(78) 

V  ■  V*  sin  (ujt  ^  ^  ) 

(79) 

V  »  V*  sin  (6/t  +  ^  )  ■  v*[8iniut  cos  ^  ♦ 

cosO/t  sin  ^ 

sinc^  ■  l/i® 

(81) 

Bin^Wt  ♦  cos^at^t  ■  1 

(82) 

costut  ■  -  (i/i*)^ 

(83) 

V  ■  v*[i/i*  cos  ^  ♦  y^l  -  (i/i*)^  sin  ^ 

]  (8li) 

When  1  «  0 

V^-0 

s—  "  sin  ^ 

(85) 

Or  by  similar  analysis 


(80) 


i  *0 
V 


sin 


(86) 


where  v  re^^resents  the  a.c.  voltage  component. 

l^e  trace  appeared  as  In  Figure  ill.  From  measurements  of  V*  and  1* 
the  impedance  I  Z,  could  easily  be  calculated 

^  -  z  07) 


By  assuming  a  series  circuit 


and 


-  Z  cos  ^ 

^  sin  ^ 


(88) 


(89) 


VOLTAGE 
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Fig.  14  Oscilliscope  Trace. 


70 


When  this  vas  done,  the  resistance,  R^,  was  found  to  be  equal  to  the 
solution  resistance  calculated  from  the  step  of  the  square  wave  current 
response  and  the  capacitance  was  found  to  be  equal  to  the  capacitance  cal* 
culated  from  the  ramp  of  th^;  square  wave  current  response.  ISius,  justifying 
the  assumption  that  &nd  that  the  electrode  was  "ideally  polarized". 

Since  it  might  be  argued  that  some  charging  of  the  double  layer  occurs 
because  of  the  rise  time  of  the  square  wave,  measurements  of  the  rise  time 
were  taken.  The  rise  time  of  the  square  wave  vas  13li  sec.,  but  when  the 
initial  rise  of  the  square  wave  across  the  large  rekistor  set  on  one  beam 
of  the  oscillkscope  was  compared  to  the  initial  rise  of  the  step  of  the 
output  voltage  traced  on  the  second  beam  by  adjusting  the  individual  voltage 
scale  factors,  no  difference  could  be  seen  at  2*5.^  sec/ cm. 


IV,  RESULTS  AND  DISCUSSIW 


A.  Chronopotentlometry  on  Smooth  Platinum  Electrodes 

!•  Dependence  of  Transition  Time  on  Pretreatnent 

8  3I 

Since  other  investigators'^  had  found  that  formic  acid  oxidation 
proceeded  most  easily  in  neutral  solutlcms,  chrcxiopotentloinetry  on  plain 
platinum  in  NaH^PC^  solution  was  attempted.  A  solution  of  2.50  x  10  M 
HCOOH  and  1.33M  NaH2P0^  was  prepared  and  the  temperature  held  at  26.1*0. 

Under  these  conditions  three  different  pretreatment  operations  were 
applleo  to  the  electrode.  In  the  first  case,  the  electrode  was  oxidized 
at  the  oxide  potential  at  2.0  mlUlanqperes  for  25  seconds,  the  oxide  was 
reduced  by  reversing  the  current,  then  nitrogen  was  bubbled  through  the 
solution  for  60  seconds.  After  this  the  nitrogen  was  turned  off  and  the 
solution  allowed  to  equilibrate  for  60  seconds  before  the  current  was  turned 
on. 

In  the  Isecond  case,  the  pre-oxidation  and  current  reversal  steps  were 
eliminated,  the  oxide  formed  during  the  last  chronopotentlometric  run  being 
reduced  by  the  formic  acid  Itself.  After  oxide  reduction  the  nitrogen 
bubbling  was  continued  for  60  seconds  and  the  solution  allowed  to  equili¬ 
brate  60  seconds  as  in  Case  I.  When  the  oxide  reduction  was  carried  out 
by  the  formic  acid  itself,  the  potential  dropped  to  very  low  values  cmd 
then  slowly  rose.  Ibis  potential  rise  was  rapid  %dien  nitrogen  was  being 
bubbled,  but  much  slower  when  the  nitrogen  was  turned  off*  Because  of  this 
potential  rise  (see  Introduction  A2.),  it  was  felt  that  some  species  was 
being  adsorbed  on  the.  surface.  Thus,  in  the  third  case  nitrogen  was  bubbled 
only  until  the  oxide  was  reduced.  Then  only  15  seconds  was  allowed  for  the 
solution  to  equilibrate,  longer  times  causing  the  potential  to  rise.  The 
results  for  these  three  eases  are  shown  in  Thble  II. 
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TABLE  II 

Results  of  Chronopotentiometry  on  Plain  Platinum  for 
Different  Electrode  Pre treatment 


Case  I 


Run 

Vo.c. 

V.  V8* 

V  -  0 

S.C.E. 

i 

ma. 

r 

sec* 

20-C-3 

CM 

• 

1 

+.213 

5.60 

12.8 

20-C-5 

-.2hi 

♦.217 

5.60 

12.0 

20-C-7 

Csl 

CM 

• 

1 

♦  .223 

5.60 

11.3 

20-C-« 

-.21*5 

♦.2l8 

5.60 

12.3 

Case  II 

^>0-C-9 

-.21*0 

♦  .200 

5.60 

16.9 

20-C-i0 

-.239 

♦.183 

5.60 

18.3 

2>C.ll 

-.226 

♦••175 

5. 60 

19.0 

20-.C-12 

CM 

1 

♦.196 

5.60 

18.3 

20-0-13 

-.239 

♦.19I1 

5.60 

18.7 

Case  III 

22-C-l 

-.1*33 

♦.050 

5.60 

22.5 

22-C-2 

-.1*1*0 

♦.010 

5.60 

22.2 

22-C-20 

-.1*1*1 

5.60 

21.6 

22-C-21 

-.1*1*1 

5.60 

21.3 
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TABLE  II  (Continued) 


Average  Values 


Run 

Vo.c. 

V.  V8. 

V  -  0 

S.C.B. 

i 

ma. 

sec. 

Case  I 

-.2Ul 

♦  .21B 

5.60 

12.1 

Case  II 

-.236 

+.190 

5.60 

16.2 

Case  III 

-.UUi 

♦  .030 

5.60 

21.7 

Vo.c.  is  voltage  Juat  before  current  turned  on. 
>  0  la  voltage  Just  after  current  turned  on. 
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(a)  VOLTAGE-TIME  CURVE  FOR  CASE  I  AND  CASE  II 


Fig.  15 


Voltage-Time  Curve  as  a  Function  of  Pretreatment, 
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Not  only  the  transition  tine  but  also  the  shape  of  the  voltage-time 
curve  vas  a  function  of  the  pretreatment.  With  Case  1  and  Case  II  a  maximum 
was  observed  initially  as  is  shown  in  Figure  l5a.  In  Case  III  the  maximum 
has  virtually  disappeared.  Ihe  shape  of  the  voltage  time  curve  for  Case  III 
is  shown  in  Figure  l5b. 

If  the  transition  time  were  seen  to  Increase  with  increasing  time  be¬ 
tween  experiments,  the  e]q>lanatlon  would  be  straightforward.  Adsorption  of 
a  reactive  species  presumably  would  be  taking  place.  However,  since  the 
transition  time  was  decreasing  with  increasing  time  between  experiments, 
this  could  not  be  the  case.  In  order  to  account  for  this  phenomena,  three 
possibilities  were  considered.  First,  dissolved  oxygen  in  the  solution 
could  be  reacting  with  the  formic  acid.  If  this  reaction  were  catalyzed  by 
the  platinust  electrode,  the  concentration  of  formic  acid  near  the  electrode 
would  be  reduced.  This  would  result  in  shorter  transitlcm  times.  Furthermore, 
the  longer  ^e  time  between  runs,  the  more  the  concentration  of  formic  acid 
would  be  reduced  and  the  shorter  the  transition  time  would  become. 

Ibe  second  possibility  considered  was  that  an  ijq>urity  present  in  the 

solution  was  being  adsorbed  coi  the  platinum  electrode.  It  had  been  observed 

20 

by  Gierst  and  Jullard  that  tranaitlon  times  decrease  markedly  when  a  strongly 
adsorbable  substance  was  present  in  solution.  IThis  effect  was  observed  with 
very  low  concentrations  of  gelatin.  This  was  accounted  for  by  assuming 
that  the  adsorption  of  gelatin  on  the  electrode  decreases  the  effective 
area  of  the.  electrode.  If  this  ingpurity  were  difficult  to  oxidize,  a  similar 
effect  should  be  noted. 

Ibe  tl4rd  possibility  was  that  a  blocking  agent  might  be  formed  from 
the  chesklcal  decoiq>osition  of  the  formic  acid  itself. 

In  order  to  clarify  the  situation,  further  experiments  were  undertaken. 
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2.  Highly  Purified  System 

In  order  to  determine  whether  the  phenomena  of  decreasing  transition 

time  was  due  to  impurities  in  the  system  which  were  being  adsorbed  on  the 

electrode,  a  highly  purified  solution  was  prepared*  A  liter  of  solution 

of  1.33M  NaH^POi^  was  pre -electrolyzed  for  2h  hours  at  over  25  ma.  and  then 

boiled  to  remove  dissolved  H2  end  Part  of  this  solution  was  added  to 

20  ml.  of  a  0.25M  NaCOOH  solution  made  from  recrystalized  sodium  formate 

and  distilled  de-ionized  water*  Tde  total  volume  prepared  was  250  ml.,  so 

-2 

the  molarity  of  the  formate  -was  2.0  x  10  •  All  glassware  was  washed  in 

chromic  acid  cleaning  solution  and  thoroughly  rinsed  in  distilled  de-ionized 
water* 

To  avoid  chloride  contamination,  a  glass  electrode  was  used  for  a 
reference  electrode.  Ihe  potential  difference  was  read  on  a  Beckman  Zero- 
matic  pH  Meter*  Although  the  output  from  this  instrument  can  be  read  out 
on  a  recorder,  trouble  with  noise  was  experienced  in  attempting  to  hook  up 
the  Ssrgeant  MR  recorder.  Ihus,  all  that  was  measured  in  the  following 
runs  was  the  open  circuit  potentials  and  transition  times. 

In  the  following  set  of  runs  no  pre-oxidation  was  used  other  than  the 
small  amount  of  oxide  formed  at  the  electrode  at  the  end  of  the  chronopoten- 
tipmetry  experiments*  Ihe  same  phenomena  were  observed  in  the  highly  puri¬ 
fied  system  that  were  observed  in  the  system  of  normal  purification.  After 
reduction  of  the  oxide  by  formic  acid  the  potential  of  the  platinum  anode 
dropped  to  very  low  values  and  rose  with  nitrogen  bubbling*  The  transition 
time  was  a  f>inction  of  the  time  between  runs*  Uiese  results  are  shown  in 
Thble  III. 

The  results  for  one  minute  of  nitrogen  bubbling  and  one  minute  of 

waiting  yield  an  (!•  product  near  520  ma*  sec*^^l./m*  A  reactant 

-5  2 

undergoing  •  two  electron  process  with  •  dlffucMVty  of-  10  ^  cm  /sec.  would 
yield  an  (i,T'^^/C)  product  of  51*0  ma.  aec.^^l./m.  Thus,  the  transition 
time  at  low  time  between  runs  is  the  transition  time  that  is  e*q>ected. 
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TABLE  111 

Reeulta  of  Chroaopotentlometric  Experiments  in  the 
Highly  Purified  System  at  26.1*0 

Run  Vo.c.  vs.  1  2  Hg  N. 

glass  electrode  ms/ car  sec. _ on  min. _ off  ^n. 


33-C-6 

-.387 

U.oo 

1U.8 

0 

16 

33-C-7 

-.ii20 

U.oo 

lU.i 

k 

1 

33-C-9 

-.382 

U.oo 

25.9 

1 

1 

33-C-lO 

-.371 

U.OO 

26.3 

1 

1 

33-C-ll 

-.369 

u.oo 

26,U 

1 

1 

33-C-12 

-.370 

u.oo 

26.0 

1 

1 

33-C-13 

-.370 

u.oo 

26.3 

1 

1 

USABLE  IV 

Results  of  Experiraente 

in  Highly  Purified  System 

With 

Air  Bubbling  at 

One  Current 

Density  Run 

Run 

.VOsC.  VSa 
glass  electrode 

^  2 

ma/cffl 

T* 

sec. 

Air 

on  min. 

Air 

off  win. 

35-C-U9 

-.Uii 

u.oo 

23.2 

1 

1 

35-C-50 

-.U13 

U.oo 

2U.6 

1 

1 

35-C-51 

-.U09 

U.oo 

2U.2 

1 

1 

35-C-52 

-.Uu 

U.oo 

23.8 

1 

1 

35-0-62 

-.380 

U.oo 

15.6 

u 

1 
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It  was  felt  that  minute  traces  of  dissolved  oxygen  might  he  causing 
this  phenomena j  so  air  was  bubbled  through  the  solution  instead  of  nitrogen. 
The  same  generil  trend  was  noted  in  the  case  of  air  bubbling.  This  is 
shown  in  Table  IV  • 

Furthermore,  the  values  of  the  (i  product  at  different  current 

densities  were  virtually  identical  between  the  two  cases,  indicating  that 
the  dissolved  oxygen  cannot  be  an  important  factor  in  the  shortened  transit 
tion  times  observed  with  increasing  time  between  runs,  l^ese  data  are 
shown  in  Ihble  V» 

It  is  seen  in  Table  V  that  the  values  for  the  air-bubbling  were  slightly 
lover  than  those  for  nitrogen  bubbling.  This  is  probably  due  to  a  reaction 
between  the  dissolved  oxygen  and  the  formic  acid  which  is  catalyzed  by  the 
platinum  electrode.  The  decomposition  of  the  formic  acid  by  this  chemical 
oxidation  WQuld  decrease  the  formic  acid  concentration  near  the  electrode 
slightly  and,  hence,  the  transition  time  would  be  decreased.  However,  the 
facts  that  the  dependence  of  transition  time  on  pretreatment  was  so  similar 
in  the  two  oases  and  the  magnitude  of  the  change  in  transition  time  was  so 
small  when  adr  was  substituted  for  nitrogen.  Indicate  that  dissolved  oxygen 
cannot  be  playing  an  important  role  in  this  phenomena.  Thus,  platinum 
catalyzed  oxidation  of  formic  acid  by  dissolved  oxygen  could  not  cause  the 
decrease  in  {transition  time.  The  one  remaining  possibility  was  that  some¬ 
thing  was  be^ng  formed  by  the  formic  acid  itself  that  was  being  strongly 
adsorbed  on  ^he  platinum  electrode  and  inhibiting  reaction. 

3.  Study  of  Dependence  of  Transition  Time  on  Pretreatment  in  Neutral  Solution 

A  number  of  runs  were  made  on  a  plain  platinum  electrode  at  35  in  a 
solution  of  O.OIOOM  HCOOH,  0.100  Na2HP0j^,  at  a  current  of  0.620  ma.  The 
electrode  vis  about  1  cm^  apparent  area.  In  these  runs,  the  electrode  was 
left  at  the  oxide  potential  for  a  time  0  with  tha  current  on.  Then  the 
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current  was  reversed  until  a  potential  below  the  oxide  reduction  potential 
but  above  the  hydrogen  potential  was  reached.  After  thia^  the  electrode 
was  left  in  the  solution  for  a  time,  where  no  current  was  passing.  After 

the  time,  7,  anodic  current  was  started  and  a  transition  time,  XT,  was 
measured,  ^is  is  shown  schematically  in  Figure  16. 

During  a  set  of  runs  9  and  V  were  held  constant  until  an  asymptotic 
value  of  T  was  approached.  Then  either  9  or  9«wms  changed  and  another  set 
was  run.  Ttxe  asysqptotic  values  of  are  shown  below  in  Thblc  VI. 

Ihe  trends  in  l>ible  VI  were  evident  in  the  trend  in  ^^/C)  when 
Twas  changed  at  constant  0  in  a  set  of  runs.  When  T  was  increased,  T" 
would  decrease  in  the  set,  whereas  when  T  was  decreased,  "V  would  increase . 
This  is  shown  in  Table  VII.  The  sumaary  of  all  of  this  data  is  shown  in 
Appendix  D. 

U*  pH  Bffedts 

In  a  more  acidic  solution  the  effect  of  the  dependence  of  the  time  be¬ 
tween  runs  was  even  more  marked.  In  a  solution  coo^osed  of  0.226N  NaNO^, 
3.52  X  10*^  ^  NaCOOH  the  results  in  Table  VIII  were 

obtained  on  a  plain  platinum  electrode  of  about  1  cm^  at  26«3*C. 

The  experiments  of  chronopotentiometry  on  plain  platinum  electrodes 
showed  that  the  transition  time  was  a  function  of  the  length  of  time  that 
the  electrode  was  left  in  solution  between  experiments.  While  the  electrode 
was  left  in  the  solution  undisturbed  at  open  circuit,  there  was  a  rise  in 
the  open  circuit  potential  from  a  minimum  value.  In  order  to  further  inves¬ 
tigate  this  phenomena,  three  courses  of  action  were  taken: 

1.  The  value  of  the  minimum  potential  was  to  be  observed  as  a  function 
of  pH  and  of  CO2  and  CO. 

2.  The  shape  of  the  potential- time  curve  at  open  circuit  was  examined. 
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TABLE  V 


Results  of  Chronopotentiometry  on  Plain  Platinum 
in  s  Highly  Purified  System 


Case  I;  bubbled  1  minute,  off  1  minute 


Run 

2 

ma/cm 

T 

sec. 

Run 

i*  2 
ma/cm‘ 

sec. 

33-C-9 

U.oo 

25.9 

3U-C-2U 

2.86 

58.9 

33-C-lO 

l,.oo 

26.3 

3U-C-25 

2.86 

58.7 

J3-C-11 

1^.00 

26. U 

3U-C-26 

2.86 

59-0 

33-C-12 

It.OO 

26.0 

3U-C-27 

2.50 

78.6 

3J-C-13 

u.oo 

26.3 

3U-C-28 

2.50 

8U.9 

33-C-lli 

3.3U 

U0.3 

3U-C-29 

2.50 

80.1 

33-C-ia 

3.3U 

37.6 

3U-C-3O 

2.50 

81. 9 

3U-C-19 

3.3U 

38.2 

3li-C-20 

3.3U 

38.1 

3li-C-21 

3.3U 

38  .U 

3U-C-22 

3.3U 

38.6 

3li-C-23 

3.3U 

38.7 

Case  11: 

Air  bubbled  1  minute. 

off  1  minute 

3U-C-3U 

2.50 

66.7 

35-C-U8 

2.50 

70.6 

3lt-C-35 

2.50 

68.5 

35-C-U9 

U.OO 

23.2 

3l*-C-36 

2.50 

67.8 

35-C-50 

U.OO 

2U.6 

3U-C-37 

2.86 

50.5 

35-C-51 

u.oo 

2U.2 

31,-0-38 

2.86 

51.8 

35-C-52 

u.oo 

23.8 

31,-0-39 

2.86 

51.9 

35-C-53 

U.Uo 

16.9 

31, -0-1,0 

2.86 

58  .U 

35-C-5U 

U.Uo 

18.6 

3li-C-Ul 

2.86 

5U.1 

35-C-55 

U.Uo 

19.6 

.81 


TABLE  V  (Continued) 


Run 

1*  2 
ma/cm 

'T 

sec. 

Run 

2 

ma/cm 

T 

ijt.*  C  • 

3U-C-li2 

3.3U 

36.0 

35-C-56 

U.Uo 

18.6 

3U-C-li3 

3.3U 

36.1 

35-C-57 

2.66 

61.2 

3l<-C-Uit 

3.3U 

38.1 

35-C-58 

2.50 

70.9 

3I4-C-U5 

3.3li 

37.9 

35-C-60 

2.50 

65.0 

3U*'C"li6 

3.3U 

36.9 

35-C-61 

2.50 

65.2 

3ii-C-l47 

3.3U 

39.8 

Average 

Values 

i.  2 
ma/cm 

«2 

T 

sec. 

Air 

'■1/2  2 

ma-sec  '  /ca 

Kg  Air 

2.50 

75.1 

60.6 

21.7 

20.7 

2.06 

50.9 

53.3 

21.9 

20.9 

3.34 

30.6 

37.8 

20.8 

20.6 

U.OO 

26.2 

2U.0 

20.U 

19.6 

U.Uo 

18  .li 

18.9 

B2 


TABLE  VI 


TP  90  sec. 
mo  sec. 
360  sec. 
90  sec. 


13  sec. 

30  sec. 

350 

395 

270 

360 

100 

120 

3U5 

340 
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TABLE  VII 

Effect  of  Changing  T  on  Subaequent  Set  of  Runs 


0-15  sec. 


Hun 

T  changed  from 

15  sec.  tOnOO  sec. 

1  r^'vc 

Run 

•p  changed  from 
90  sec.  sec 

i  V' VC 

32-X-2a 

i«5 

32-X-33 

236 

32-X-29 

135 

32-X-3U 

271 

32-X-30 

1U6 

32-X-35 

261 

32-X-31 

100 

32-X-36 

295 
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TABLE  VIII 


Run 

Effect  of 

Pretreatment  in  Acid 

Solution 

o^f 

1 

mA 

r 

sec. 

li 

56"B“6 

0.216 

26.1 

60 

60 

56-B-7 

0.216 

21.1 

60 

60 

56-B-ll 

0.216 

24.0 

60 

60 

56-B-12 

0.216 

28.8 

60 

60 

S6-B-13 

0.216 

21.6 

60 

60 

56-B-19 

0.216 

158 

0 

3 

56»B»20 

0.216 

159 

0 

3 

56.B-21 

0.216 

161 

0 

3 

56.B-22 

0.216 

157 

0 

3 
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3.  The  double  layer  capacitance  of  the  electrode  was  determined  at  a 
given  voltage  aa  a  function  of  electrode  pretreatment  under  conditions 
where  diffusion  vaa  not  important. 

B.  Minimum  Potential  at  Open  Circuit 

In  order  to  determine  ^diat  was  causing  the  drop  in  potential  to  low 
values  after  oxide  reduction  by  formic  acid^  a  series  of  experiments  were 
performed  at  l.OOM  HCOOH  on  a  plain  platinum  electrode  of  about  1*0  cm^ 
apparent  area.  'Die  pH  of  the  solutions  used  was  varied  by  the  use  of  phos¬ 
phate  buffers  and  measured  by  the  Beckman  Zeromatic  pH  Meter.  The  tempera¬ 
ture  was  held  constant  at  35*0*C*  All  voltages  were  measured  vs.  a  saturated 
calomel  electrode. 

The  minimum  potential  was  attained  by  passing  a  short  pulse  of  anodic 
current.  The  pulse  vaa  less  than  one  second  duration  and  the  current  was 
varied  from  10  to  80  miUiamperea.  The  minimum  potential  vaa  measured  after 
current  cut  off. 

At  first,  nitrogen  was  bubbled  through  the  solutions  for  about  twenty 
minutes  before  the  minimum  potentials  were  obtained*  No  gas  was  bubbled 
through  the  -solution  during  or  after  the  current  pulse.  The  results  obtained 
under  these  condltlcxis  are  shown  In  l^ble  IX.  In  Teble  IX,  Emax.  represents 
the  highest  minimum  potential  obtained,  Emin,  the  lowest  minimum  potential, 
and  Save,  the  average  value*  N  signifies  the  number  of  minixnum  potentials 
taken  and  the  Huns  column  indicates  the  run  series  number.  The  detailed 
da^  can  be  .found  in  Appendix  D,  where  the  data  are  arranged  by  run  series 
number .  , 

The  solutions  were  made  up  in  the  following  manners 
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pH 


5M  HgSO^^ 

IM  HCOOH 

5M  HgSO^^ 

0.68 

IM  HCOOH 

IM  H^P0|^ 

2.61 

114  HCOOH 

IM  NaH^POj^ 

3.03 

IM  HC0C« 

adjusted  with 

H^PO^  and  Na2HP0||^ 

3.50 

IM  HCOOH 

adjusted  with 
NsHgPOj^  and  NagHPOj^ 

U.39 

IM  HCOOH 

IM  HagHPO^^ 

5.72 

IM  Hcoce 

0.5m  H*3P0j^ 

U.32 

IM  HCOOH 

adjusted  with 

kOH 


It  can  be  seen  from  Tkble  IX  that  the  average  values  of  the  minimum 
potential  vary  irregularly  vlth  pH  when  no  gas  was  bubbled  during  and  after 
the  current  pulse. 

1.  Effect  of  Nitrogen  Bubbling 

When  nitrogen  was  bubbled  through  the  solution  during  and  after  the 
current  pulse,  the  minimum  potential  became  significantly  lower  and  varied 
regularly  vlth  pH.  These  results  are  shown  in  Tlsble  X. 

From  the  data  at  pH  0.68,  2.61,  li.39>  ^>72  in  Table  X,  it  can  be 

seen  that  the  ciurrent  density  of  the  pulse  had  no  apparent  effect  on  the 
well  potential  within  the  limits  of  error  idien  nitrogen  was  bubbled  through 
the  solution.  Furthensore,  varying  the  rate  of  bubbling  had  no  effect  as 
long  as  a  steady  stream  of  bubbles  was  present. 

Since  nitrogen  is  an  inert  gas,  it  cannot  be  expected  to  exert  any 

ii 

direct  effect  on  the  well  potential.  However,  two  possible  indirect  effects 
are  possible'.  One  is  that  the  bubbling  of  nitrogen  causes  increased  mass 
transfer  of  :i*onBlc  acid  to  the  electrode  by  stirring  the  solution.  If  the 
minimum  potential  is  due  to  the  formic  acid  in  the  solution  or  i  product  of 
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OJABLE  IX 


Minimum  Potentials  in  Formic 

Acid: 

No  Gas  Bubbled 

pH 

£max 

Save 

V.  V8.  S.C.E. 

Emin 

N 

Runs 

i  2 
ma/cm 

0.68 

-.103 

-.129 

-.160 

lU 

6lt-X 

28-30 

2.6l 

3.03 

-.282 

—302 

-321 

20 

63-X 

U0-U5 

3.50 

1 

a 

ro 

OD 

-.290 

-.307 

11 

62 -X 

62-67 

i».39 

-.33U 

-355 

-.377 

20 

58-X 

10 

5.72 

o 

• 

1 

-.3U7 

-.353 

5 

59-X 

70-80 

11.32 

-.679 

-.691* 

1 

• 

0 

6 

61-X 

75-85 

a»BLB  X 


pH 

MinifflUffl  Potentials  in  Formic  Acid:  Nitrogen  Bubbled 

i  2 
rna/cm 

Emax 

Save 

V.  vs.  S.C.E. 

Emin 

% 

N 

Runs 

SM 

♦.039 

♦.035 

♦.030 

5 

65-X 

45-50 

0.68 

-.150 

-.166 

-.193 

8 

68-X 

11 

0.68 

-.150 

-.161 

-.165 

6 

64-X 

28-30 

2.6l 

-.350 

-357 

-365 

12 

69-X 

20 

2.6l 

-331 

-350 

-359 

14 

60-X 

44-49 

3.03 

-.377 

-.383 

-.390 

13 

63-X 

40-45 

3.50 

-.1»09 

-420 

-.444 

17 

62-X 

62-67 

U.39 

-1*64 

-467 

-.470 

S 

87-D 

10 

U.39 

-468 

-473 

-.479 

11 

58-X 

70 

5.72 

-525 

-533 

-.540 

10 

71-X 

11 

5.72 

-537 

-.543 

-.550 

13 

59-X 

70-80 

U.32 

1 

o 

-.750 

-750 

6 

61-X 

75-85 
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fonnic  acid  decomposition  then  the  depth  of  the  well  potential  would  depend 
on  the  concentration  of  the  formic  acid  at  the  electrode.  The  current  pulse 
destroys  the  blocking  agent  but  a  certain  amount  of  formic  acid  is  oxidized. 
This  amount  of  formic  acid  will  depend  on  the  current  density  and  amount  of 
coulombs  in  the  current  pulse.  Ihus^  when  the  solution  Is  not  stirred  the 
concentration  of  formic  acid,  and  hence  the  well  potential  will  be  a  func¬ 
tion  of  the  current  and  time  of  the  current  pulse.  This  accounts  for  the 
irregularity  of  the  variation  of  well  potential  with  pH  when  no  nitrogen 
was  bubbled  since  different  current  densities  were  used  in  these  experiments. 
However,  wnen  nitrogen  was  bubbled,  the  minimum  potential  did  not  seem  to 
depend  on  either  current  density  or  bubbling  rate. 

2.  Effect  of  Carbon  Dioxide  Bubbling 

The  second  possibility  is  that  carbon  dioxide  formed  during  oxidation 
is  adsorbed  and  is  slow  to  diffuse  away  from  the  electrode.  Bubbling  nitro¬ 
gen  decreases  the  partial  pressure  of  carbon  dioxide  near  the  electrode 
and  hence  speeds  the  removal  of  CO^*  Ihis  latter  possibility  was  investi¬ 
gated  by  bubbling  CO^  instead  of  nitrogen  through  the  solution.  The  results, 
shown  in  Table  XI,  are  not  significantly  different  than  those  obtained  when 
nitrogen  was  bubbled  (see  Table  X).  Ihua,  it  can  be  concluded  that  carbon 
dioxide  does  not  play  an  importemt  role  in  the  minimum  potential.  The  im¬ 
portant  effect  of  gas  bubbling  is  that  of  increased  mass  transfer. 

3.  Effect  of  pH 

The  question  now  arises  as  to  what  species  is  responsible  for  the  well 
potential.  The  average  well  potential  observed  when  nitrogen  or  carbon  di¬ 
oxide  was  bubbled  is  plotted  against  pH  in  Figure  17*  Also  shown  in  Figure 
17  are  the  potentials  for  formic  acid  and  hydrogen*  Tt»  formic  acid  poten¬ 
tial  was  calculated  assuming  a  partial  pressure  of  carbon  dioxide  equal  to 
one  atmosphere*  The  values  for  the  hydrogen  potential  were  calculated 
assuming  hydrogen  gas  at  one  atmosphere. 


MILLIVOLTS  VS.  S.C.E. 
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Fig.  17  Average  Minimum  Open  Circuit  Potentials  as  a 
Fimction  of  pH. 
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TABLE  XI 


pH 

Minimum  Potentials  in  Formic  Acid:  C^v^bon  Dioxide 

Bubbled 

1  r 

ma/  cm 

£max 

Eave 

V*  vs.  S.C.E. 

Emin 

N 

Runs 

0.6b 

CM 

H 

• 

1 

-.158 

-.162 

3 

6U-X 

28-30 

2.61 

-.315 

-.3U 

-.352 

16 

60-X 

3.03 

-.378 

-.386 

m 

1 

13 

63-X 

Ii0-U5 

3.50 

o.Ulo 

“.UlJi 

o 

CM 

• 

7 

62-X 

62-67 

1*.39 

5.72 

11.32 

-.735 

-.739 

-.750 

8 

61-X 

75-85 
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It  can  be  seen  from  Figure  17  that  the  voltages  of  the  minimum  potential 
approach  the  calculated  hydrogen  potential  at  intermediate  values  of  pH  and 
tend  to  bend  away  from  the  hydrogen  potential  at  extremely  low  values  of  pH. 
Under  no  circumstances  does  a  value  of  the  minimum  potential  approach  the 
theoretical  value  for  the  formic  acid  potential.  Thus,  the  minimum  potential 
is  probably  due  to  the  formation  of  hydrogen  on  the  electrode  from  formic 
acid. 

In  strongly  acid  solution,  two  complications  occur.  First  of  all,  for¬ 
mic  acid  IB  Known  to  be  highly  associated  by  hydrogen  bonding  in  acid  solu- 
12 

tions.  Secondly,  carbon  monoxide  is  produced  by  the  decomposition  of  for> 

mic  acid  in  acidic  solutions.  Ihis  reaction  has  been  shown  to  be  an  acid 
1x9 

catalyzed  reaction.  ^ 

Effect  of  Carbon  Monoxide 

Since  carbon  monoxide  might  be  present  because  of  formic  acid  decom¬ 
position,  carbon  monoxide  was  bubbled  through  the  solutions  of  formic  acid 
at  various  pH  values  in  order  to  determine  its  effect  on  the  minimum  poten¬ 
tial.  In  these  ejqperiments  nitrogen  was  first  bubbled  through  a  solution 
of  formic  acid  at  a  certain  pH  and  minimum  potentials  were  determined.  Then 
carbon  monoxide  was  introduced  along  with  the  nitrogen  and  more  minimum 
potentials  were  taken.  The  results  are  tabulated  in  Table  XII  along  with 
the  percentage  of  carbon  monoxide  in  the  gas  stream  fed  to  the  cell.  These 
results  show  that  carbon  monoxide  seems  to  lower  the  potential  at  the  mini¬ 
mum.  Hiis  effect  may  be  due  to  the  establishment  of  a  mixed  potential  of 
th'  reaction  involving  carbon  monoxide 

CO  .  H2O  - >.  COg  2H''  ♦  2e‘  (90) 

^  2H^  .  iJe 


ana  tnc  reaction 


(91) 
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TABLE  XII 


Effect 

of  Presence  of  Carbon  Monoxide 

on  Minimum  Potential 

N 

pH  V  0  CO 

Emax 

Save 

Emin 

0.6a  0 

-.150 

-.166 

-.193 

8 

2>.6 

-.241 

-.245 

-.251 

4 

61.5 

-.259 

-.262 

-.270 

8 

100*/. 

-.281 

-.252 

-.285 

6 

2.61  0 

-.350 

-.357 

-.365 

12 

-.355 

-.362 

-.369 

8 

52.47. 

-.365 

-.371 

-.376 

7 

65.77. 

-.375 

-.378 

-.381 

6 

1007. 

-.377 

-.355 

-.393 

11 

5.72  0 

-.525 

-.533 

-.540 

10 

19.37. 

-.560 

-.566 

-.574 

17 

1007  c 

-.542 

-.574 

-.625 

18 

4.39  0 

-.464 

-.467 

-.470 

5 

100  7. 

-.450 

-.492 

-.505 

10 
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which  is  due  to  hydrogen  present  from  formic  acid  decomposition.  !Ihe  carton 
monoxide  potential,  equation  (90),  is  shown  on  Figure  Iti  along  with  the  re¬ 
sults  of  pure  carbon  monoxide  bubbling.  It  can  be  seen  from  Figure  It)  that 
the  carbon  monoxide  potential  is  lover  than  the  hydrogen  potential  and  hence 
a  mixed  potential  would  be  lower.  However,  none  of  the  observed  minimum 
potentials  for  carbon  monoxide  bubbling  are  lower  than  the  calculated  hydro- 
gen  potential.  Furthermore,  Havel,  et  al,^^  found  that  carbon  monoxide  is 
not  easily  oxidized  on  a  platinized  carbon  electrode  at  room  temperature. 

In  fact,  Havel,  et  al,  found  that  introduction  of  carbon  monoxide  into  a 
hydrogen  burning  fuel  cell  caused  polarization  of  the  cell.  Thusj  a  mixed 
potential  of  carbon  monoxide  and  hydrogen  seems  quite  unlikely. 

Although  the  lover  potentials  observed  when  carbon  monoxide  was  intro¬ 
duced  remalasd  unexplained,  the  polarizing  ability  of  carbon  monoxide  was 
apparent  In^the  rise  of  the  potential  after  open  circuit.  When  carbon 
monoxide  wa#  present  in  the  cell  the  rate  of  rise  of  the  potential  at  open 
circuit  vasinuch  more  rapid.  Also  the  final  steady  state  potential  was 
seen  to  be  a  few  tenths  of  a  volt  higher  than  when  only  nitrogen  was  bubbled, 
iniis  is  dlsf^ssed  further  in  the  next  section. 

Since  ^e  minimum  potentials  observed  with  carbon  monoxide  bubbling 
were  not  lowier  than  the  hydrogen  potential,  a  possible  explanation  is  as 
foUovsi  Because  a  current  pulse  was  used  to  "clean"  the  surface,  it  was 
possible  thf^t  all  the  adsorbed  species  was  not  completely  removed.  In 
order  to  be  certain  of  removing  all  the  organic  species  on  the  electrode, 
the  following  experiment  was  set  yip,  Hie  potential  of  the  platinum  elec¬ 
trode  was  h^d  higher  than  ^1.6  v«  vs.  a  H2  electrode  in  the  same  solution 
for  60  seconds.  Hie  potential  was  maintained  by  the  use  of  a  voltage 
divider,  the  circuitry  and  equipment  was  the  same  as  that  shown  in  Figure 
IJ.  Ac  this  potential  it  is  well  known  that  no  organic  species  can  remain 
on. an  electrode  surface. 
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After  the  potential  had  been  held  for  60  seconds^  the  circuit  vas  broken. 
The  potential  at  open  circuit  was  followed  with  the  Sargeant  recorder.  Nitro¬ 
gen  was  bubbled  through  the  solution  at  all  times.  The  results  obtained  are 
shown  in  Table  XIII. 

By  comparing  the  results  in  Table  X  with  those  obtained  by  the  current 
pulse  technique  in  Table  XIII,  it  is  readily  seen  that  the  minimum  potentials 
obtained  by  pretreatment  at  a  high  potential  are  significantly  lover.  In 
fact,  the  highest  minimum  potential  obtained  in  IM  H2S0|^  in  Table  XIII, 

-.201  V.  vs.  S.C.E.,  is  lover  than  the  lowest  potential  obtained  at  a  pH  of 
0.68  by  the  current  pulse  technique,  -.193  v.  vs.  S.C.E* 

The  pulse  technique  probably  worked  better  at  higher  pH  values  because 
the  "blocking  agent"  did  not  form  as  rapidly*  Although  the  lower  minimum 
values  obtained  with  carbon  monoxide  present  are  still  not  explained,  the 
pulse  technique,  especially  in  acid  solution  is  shown  to  yield  questionable 
results . 

5.  Rise  of  Potential  at  Open  Circuit 

The  rise  of  the  potential  from  the  minimum  value  vas  much  more  sensitive 
to  the  physical  conditions  at  the  plain  platinum  electrode  than  vas  the  value 
of  the  minimum  potential  itself.  Although  the  rate  of  rise  vas  reproducible 
when  gas  was  bubbled  at  a  given  gas  flow  rate,  when  bubbling  rate  or  position 
of  the  sparging  tube  with  reference  to  the  electrode  vas  changed,  the  rate 
of  rise  would  change  also.  Ibis  is  presumably  due  to  the  differences  in 
local  stirring  at  the  electrode  surface.  Because  of  this  no  detailed  study 
of  this  phenoraenon  was  undertaken.  .However,  qualitative  effects  were  noted. 

a.  Effect  of  Nitrogen  Bubbling 

Nitrogen  bubbling  invariably  increased  the  rate  of  rise  of  potential 
at  open  circuit  and  while  the  nitrogen  was  bubbled  the  potential  leveled 
off  at  a  higher  value  than  occurred  when  no  nitrogen  vas  bubbled.  This  is 
shown  in  Figure  19  for  2.5  x  10"^H  HCOCH  in  1.33M  H2NaP0^. 
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TABLE  XIII 

Minimum  Potentials  Obtained  by  Pretreatment 
at  Constant  Potential  with  Nitrogen  Bubbled 

107 D  Runs 

IM  HCOOH  35 *C  pH  2.6l 

Voltage  of  Pretreatment  Minimum  Potential 

V.  vs.  S.C.E.  V.  vs.  S.C.E. 


♦1.610 

-.371 

♦1.661 

-.371 

♦1.6li* 

-.370 

♦1.603 

-.375 

♦1.657 

-.382 

♦1.583 

-.382 

♦1.602 

-.381 

♦1.590 

-.382 

Emax 

Eave 

Emin 

o 

1 

-.377 

-.382 

108D  Runa 

1.56m  HCOOH 

35 ’c 

IM  H..S0, 

2  k 

Voltage  of  Pretreatment 

Minimum  Potential 

V.  vs.  S.C.E. 

V.  vs.  S.C.E. 

-.232 

-.238 

-.231* 


♦1.800 

♦1.728 

♦1.800 
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TABLE  XIII  (Continued) 

Minimum  Potential 
V.  vs*  S.C.^). 


Voltage  of  Pretrcataent 
V.  vs*  S.C.E* 


H.709 

-.205 

+1.770 

-.220 

+i.6i*0 

-.180 

+1.722 

-.211 

+1.719 

-.208 

+1.739 

-.209 

+1.7it8 

-.201 

Enaix 

E>ve 

Emin 

-.201 

-.21it 

-.238 

100 


b,  Effrrct  of  pH 

In  strongly  acid  solutions  such  as  5M  the  rate  of  rise  of  poten¬ 

tial  vas  GO  rapid  that  it  was  difficult  to  ascertain  whether  the  observed 
minimums  were  really  minimum  potentials •  As  the  solutions  were  made  more 
basic  the  rate  of  rise  of  potential  at  open  circuit  became  slower. 

c.  Effect  of  Carbon  Monoxide  Bubbling 

Introduction  of  carbon  monoxide  into  the  cell  invariably  increased  the 
rate  of  rise  of  the  potential  and  caused  the  potential  to  level  off  at  higher 
values  than  would  be  the  case  when  nitrogen  was  bubbling.  This  erfect  uf 
increasing  the  rate  of  rise  of  potential  at  open  circuit  after  the  minimum 
potential  was  most  marked  in  neutral  solutions.  In  particular,  at  pH  5*72, 
When  nitrogen  was  bubbled  through  the  solution  the  potential  rose  slowly  at 
a  steady  rate  as  is  shown  in  Figure  20a.  However,  when  some  carbon  monoxide 
was  bubbled  through  the  solution  there  was  a  short  induction  perioa  ana 
tnen  a  suuden  rise  of  potential  as  is  shown  in  Fj.gure  20b.  The  shape  of 
the  potential-time  curve  at  open  circuit  in  Figure  20b  is  similar  to  the 
potential-time  curve  at  open  circuit  in  Figure  19,  where  only  nitrogen  was 
bubblea  in  ^  more  acid  solution. 

By  maintaining  the  total  gas  rate  constant  comparative  data  could  be 
taken  regarding  the  effect  of  carbon  monoxide  bubbling  at  open  circuit. 

These  data  at  pH  5»72  are  shown  in  Table  XIV.  In  Table  XIV,  ^  is  the 
length  of  time  in  the  region  of  alow  potential  rise  (induction  period), 
(dE/dt)  18  the  maximum  rate  of  potential  rise  measured  at  the  inflection 
point.  The  other  gas  present  besides  CO  was  N^.  Hae  teii5)erature  was 
ana  the  formic  acid  concentration  was  IN  as  usual. 

Q.  Explanation 

The  qualitative  effect  in  the  rise  of  potential  at  open  circuit  caused 
by  nitrogen  bubbling  in  neutral  solution  can  be  moat  easily  explained  by 
the  hydrogen  theory,  namely  that  the  formic  acid  dissociates  on  a  clean 
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I _ I _ I _ I _ I _ I _ \ _ I _ I 

0  10  20  30  40 

TIME  (SECONDS) 

(a)  EFFECT  OF  NITROGEN  BUBBLING  ON  RISE  OF  POTENTIAL  AFTER 
MINIMUM  AT  pH  5.72 


(b)  EFFECT  OF  CARBON  MONOXIDE  BUBBLING  ON  RISE  OF  POTENTIAL 
AFTER  MINIMUM  AT  pH  5,72 


Fig.  20  Effect  of  Carbon  Monoxide  Bubbling  on  the  Rise  of 
Potential  from  the  Minimum  at  Open  Circuit. 
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TABLE  XIV 

Effect  of  Carbon  Monoxide  on  Rise 

of  Potential  After 

(dE/dtr  ^ 

mv/ sec. 

Minimum  at  Open  Circuit 

'p 

sec. 

pH  5.72 

0 

>U6 

25. h 

7 

36 

3 

U1 

2 

33 

2 

39 

2 

31 

2 

33 

2 

3U 

2 

30 

100 

0 

69 

0 

76 

0 

76 

0 

91 

0 

76 

0 

60 

0 

60 

0 

73 

Total  flow  rate  constant;  other  gas  present  was  nitrogen. 
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This  slope  is  the  maximum  rate  of  rise  of  potential  occurring  at 
the  inflection  point  of  the  voltage-time  curve  (see  Figure  6). 
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platinum  surfaces  to  hydrogen  and  come  organic  species.  Tne  minimum  potential 
at  open  circuit  is  due  to  the  adsorbed  hydrogen  on  the  surface.  The  final 
steady  state  open  circuit  potential  is  a  mixed  potential  involving  residual 
hydrogen  and  at  least  one  ocher  species  present  on  the  electrode  surface. 

Tne  rate  of  rise  of  potential  to  the  steady  state  open  circuit  potential  is 
dependent  on  the  rate  of  desorption  of  hydrogen. 


2  M  H 


> 


2  M 


(92) 


Tne  rate  of  diffusion  of  hydr  gen  from  the  electrode  is  enhanced  by  bubbling 
an  inert  gas  past  the  electrode  surface.  Thus,  when  nitrogen  is  bubbled 
J33t  tne  platinum  electrode  the  potential  rises  faster  at  open  circuit. 

Since  the  steady  state  potential  is  a  mixed  potential  of  residual  hyart:*- 
gen  and  some  other  species,  the  steady  state  potential  depends  on  the  equili¬ 
brium 


2  M  E 


2  M 


(93) 


As  equation  (93)  is  shifted  to  the  right  due  to  a  lower  partial  pressure  of 
hyarogen,  the  number  of  adsorbed  hydrogen  sites  must  decrease  and  the  steady 
state  potential  increases.  This  accounts  for  the  higher  steady  state  poten¬ 
tial  observed  when  nitrogen  was  bubbled  past  the  electrode  (see  Figure  19 ) 
since  the  bubbling  of  an  inert  gas  past  the  electrode  will  decrease  the  par¬ 
tial  pressurie  of  hydrogen  near  the  electrode. 

The  effect  of  carbon  monoxide  cannot  be  explained  as  simply.  The 
higher  steady  state  open  circuit  potential  observed  when  carbon  monoxide  is 
present  in  the  system  could  be  due  to  the  adsorption  of  carbon  monoxide  it¬ 
self.  On  the  other  hand,  the  carbon  monoxide  might  be  reacting  with  some 
organic  species  which  already  exists  on  the  electrode  surface. 

Other  unusual  effects  noted  when  carbon  monoxide  was  present  are  dis¬ 
cussed  in  Appendix  A. 
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C.  Double  Layer  Capacitance 
1.  Current  Potential  Curves;  Effect  of  Pretreatment 

Chronopotentlometric  e^qperimenta  abowed  that  the  transition  time  ob¬ 
tained  in  the  oxidation  of  formic  acid  in  acid  or  neutral  solutions  vms 
markedly  dependent  on  the  pretreatoent  of  the  electrode.  In  particular, 

^en  platinum  oxides  were  allowed  to  form  in  a  O.OIN  HCOOH  and  O.IOM 
HNa^PO^  solution,  the  transition  tlmd  was  a  function  of  the  time  the 
electrode  was  left  In  solution  after  the  oxides  had  been  reduced.  Itae 
longer  that  the  electrode  bad  been  left  in  solution,  the  shorter  the  transi¬ 
tion  time  would  be.  (Results  and  Discussion  M*).  This  was  Interpreted  to 
be  caused  by  some  species  formed  chemically  from  the  formic  acid  and  strongly 
adsorbed  on  the  electrode  surface. 

If  this  hypothesis  were  valid,  then  the  effect  of  the  adsorbed  species 
should  be  magnified  In  more  concentrated  solutions  of  formic  acid.  In  more 
concentrate^  solutions  of  formic  acid,  where  diffusion  of  reactant  to  the 
electrode  wipts  not  an  Important  consideration,  the  current-potential  relation¬ 
ship  Bhould~be  a  strong  function  of  electrode  pretrestment. 

According  to  this  theory,  if  a  current  were  placed  on  the  plain  platinum 
electrode  sufficiently  large  to  cause  platinum  oxides  to  form  and  then  turned 
off,  the  Bu)^sequent  current  potential  data  would  be  a  function  of  the  time 
taken  between  oxide  reduction  and  the  start  of  the  next  run.  When  the  oxide 
is  Just  reduced,  the  electrode  Is  thought  to  be  "clean".  However,  as  the 
electrode  sits  in  the  solution  the  formic  acid  is  thought  to  decompose  to 
hydrogen  and  an  organic  species  which  is  not  easily  oxidized  on  plain  platinum. 
Thus,  current-potential  data  that  are  obtained  by  turning  on  the  current  im> 
mediately  a^fter  platinvua  oxide  reduction  wovtld  be  expected  to  exhibit  low 
polarization  and  a  relatively  high  double  layer  capacitance;  idiereas,  the 
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current-potential  data  that  are  obtained  a  longer  period  after  platinuia 
oxide  reduction  would  be  ejected  to  exhibit  high  polarization  and  a  relatively 
low  capacitance.  An  adsorbed  organic  species  acting  as  a  blocKing  agent 
Would  causej  (l)  the  higher  polarization  by  decreasing  the  electrode  acti¬ 
vity  and  (2)  lower  double  layer  capacitance  by  causing  greater  charge  separa¬ 
tion* 

In  order  to  examine  what  would  happen  under  these  conditions  a  solution 
of  l.OM  HCOOH  and  1.33M  HNa^PO^  was  prepared.  The  apparatus  was  arranged 
as  in  Figure  12*  The  oscillator  frequency  was  1200  cps.  and  the  square  wave 
input  current  was  O.lh  ma*  'Riis  input  caused  a  cell  voltage  response  of 
less  than  5  mv*  The  plain  platinum  electrode  was  1.23  cm  in  apparent  area 
and  the  temperature  was  held  at  26.1*C.  The  data  are  shown  in  Table  XV. 

The  results  from  Table  XV  show  quite  clearly  that  electrode  pretreat¬ 
ment  has  a  considerable  effect  on  the  current-potential  behavior  of  plain 
platinum.  Perhaps  most  startling  is  the  comparison  of  runs  61-0-9  and 
61-0-27*  By  starting  the  current  immediately  after  oxide  reducti  )n  the 
electrode  carries  fifty  times  the  current  than  it  can  when  the  electrode 
has  been  left  in  solution  for  thirty  minutes  before  current  application 
Similarly,  it  is  quite  evident  that  at  a  given  voltage  the  double  layer  is 
greatly  reduced  when  the  electrode  is  left  in  solution  before  current  appli¬ 
cation. 

Other  observations  regarding  the  current-potential  curves  of  formic 
acid  on  plain  platinum  are  given  in  Appendix  A. 

2 .  Double  Layer  Capacitance  Measurements  During  Voltage  Oscillationa 

in  Concentrated  Formic  Acid 

a.  Plain  Platinum 

In  order  to  determine  the  condition  of  the  metal  surface  during  oa- 
cillationSf  double  layer  capacitance  measurements  were  taxen  when  galvano- 
static  voltage  oscillations  were  induced  on  a  plain  platinum  and  platinized 


TABLE  XV 


Current- 

-Potential 

Data  Siiowing  the 

Effect  of 

Pre treatment  at 

26.1*C 

on  Plain 

Platinum  in  l.OM 

HCOOH  and  1.33M  Na^HPO^ 

Run 

i 

V.  vs. 

c 

comments 

ms 

S.C.B. 

cm 

61-C-6 

0 

-.398 

16 

in  solution 

1/2  hour 

61-C-7 

0.0218 

—  .ll(U 

15 

61-C-8 

0.030I4 

-.01*0 

15 

61-C-9 

0.0U20 

+.035 

15 

61-c-io 

o.o5Ui 

+.085 

15 

current  increased 
in  steps,  readings 

61-c-ii 

0.0589 

+.095 

15 

every  1/2  minute. 

61-C-12 

0.0621 

+.100 

i5 

61-C-13 

0.0639 

+  .100 

15 

0.0657 

+.105 

lUj 

61-C-15 

0.0678 

oscillations 

started 

61-0-26 

2.50 

♦.060 

2h^ 

61-C-27 

2.23 

♦.03a 

26 

61-C-28 

1.23 

-.015 

25 

each  run  measured 
individually  1$ 

61-0-30 

0.760 

-.030 

22 

seconds  after  oxide 

61-0-31 

0.565 

-.OliO 

22 

reduction 

61-0-32 

0 

-.370 

Ul 

All  voltages  ^  .005  volts 

In  Runs  6l-C«26  through  6l»C-33  current  turned  on  less  than  one  second 
after  oxide  reduction. 


108 


platinum  electrode  in  a  IM  NaOOCH  and  90V«  HCOOH  solution  at  17«5"C.  The 
conditions  were  chosen  since  Muller^*^  had  reported  previously  that  reproducible 
oscillations  had  been  obtained  on  rhodenized  platinum  under  similar  conditions. 

Oscillations  were  observed  having  a  period  of  about  37  seconds  and  a 

minimum  potential  of  v.  vs.  S.C.E.  and  a  peak  potential  of  +0.800  v. 

vs.  S.C.E.  when  a  direct  current  of  0*180  f  .002  ma  was  passed  through  the 
2 

2  cm  plain  platinum  electrode.  Occasionally  the  voltage  would  rise  a  few 
hundredths  of  a  volt  higher  than  the  peak  voltage  Just  before  the  voltage 
drop.  A  picture  of  the  oscillations  is  shown  in  Figure  21*  A  small  rise 
above  the  peak  is  shown  in  the  second  oscillation  in  Figure  21. 

The  double  layer  capacitance  was  measured  by  taking  pictures  of  the 
cell  voltage  response  on  the  C-12  camera  and  measuring  the  slope  of  the 
ramp  portion  of  the  response.  The  square  wave  current  was  1.32  ma  at  a 
frequency  of  1000  c.p.s.  Pictures  of  the  data  obtained  are  shown  in  Figure 
22 «  ^e  abscissa  in  these  pictures  is  0.1  m  sec*  per  cross-hatched  divi¬ 
sion.  The  ordinate  of  the  cell  response  trace  is  5  m  v.  per  cross-hatched 
division.  The  straight  line  trace  is  a  d.c.  voltage  measured  between  the 
test  electrode  and  the  d.c.  dummy  at  100  mv/cm. 

The  magnitude  of  the  a.c.  voltage  change  in  the  cell  response  was 
necessary  since ^  when  a  more  sensitive  voltage  scale  was  used^  clear  pic¬ 
tures  could  not  be  obtained.  This  was  due  to  the  fact  that  the  d.c.  voltage 
clianges  in  the  oscillations  caused  the  trace  to  move  too  rapidly  in  the  veiv 
tical  direction  when  greater  sensitivity  was  used.  In  fact^  capacitances 
could  only  be  measured  during  the  comparatively  slow  rise  in  potential  and 
not  during  the  rapid  drop  in  potentials  The  large  a.c.  voltage  change 
necessitated  a  relatively  large  square  wave  current  to  be  used.  Enough  of 
the  square  wave  current  must  have  been  spent  in  the  faradlc  process  to 
affect  the  d.c.  process^  because  when  the  function  generator  was  turned  off| 
the  d.c.  voltage  vent  through  only  one  further  oscillation  and  then  came  to 
rest  at  the  oxide  potential. 
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Tile  data  obtained  during  oscillations  are  abovn  In  Table  XVI*  Run  69D4 
was  taken  on  a  rise  above  the  peak  Just  before  a  drop  to  the  minimum*  Ihe 
value  of  the  capacltar^e  at  *•*•525  v  la  slightly  higher  than  at  0*770  v  vs* 
S*C*E*j  whereas  In  all  other  cases  the  capacitance  decreased  as  the  voltage 
Increased*  Thus>  the  current  was  raised  so  that  the  oscillations  stopped 
and  the  potential  rose  to  a  point  where  oxides  were  definitely  on  the  elec¬ 
trode*  The  capacitance  was  measured  at  this  potential  and  the  following 
result  obtained. 

Run  V*  vs*  S*C*E*  Cj^ 

77D1  +1.0J 

The  data  from  Table  XVI  and  Run  77D1  are  plotted  in  Flgiire  2J*  Ihe 
sudden  rise  observed  In  Run  69D4  sxaggests  the  possibility  that  oxide  forma¬ 
tion  on  the: electrode  plays  an  ioqportant  role  In  the  oscillations*  In 
order  to  investigate  this  possibility^  It  was  decided  that  a  study  be  under¬ 
taken  In  a  zQore  well-known  system*  Zn  particular^  a  system  where  the  regions 
of  anion  and  oxygen  adsorption  were  more  clearly  established*  However,  be¬ 
fore  this  investigation  was  carried  out,  the  capacitance  and  voltage  rela¬ 
tionships  dxiring  galvanostatlc  voltage  oscillations  on  platinized  platinum 
electrodes  vas  examined. 

b*  Platinized  Platinum 

Because  of  the  large  capacitance  of  the  platinized  platlnvun  electrode 
a  sine  wave  input  at  1000  c/s  was  used  and  a  series  circuit  was  assumed*  A 
square  wave  Input  at  1000  c/s  showed  no  curvature  but  the  voltage  rise  in 
the  ram^)  was  so  small  that  much  accuracy  was  lost* 

The  measurements  were  taken  at  13*C  In  a  IM  NaOOCH  and  90  HCOOH  solu- 

2 

txon.  The  apparent  area  of  the  electrode  was  1  cm  *  The  alternating  current 
was  1*60  ma*  The  oscillations  had  a  length  of  about  10  seconds  and  exhibited 
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TABLE  XVI 


Data 

on  Double  Layer  Capacitance  and  Voltage  During  Oscillations 

C 

Hf 

Bun 

on  Plain  Platinum  in  IW  NaOOCH  and  90*/,  HCOOH  at  17. 5 *0 

V.  vs.  S.C.E. 

+ 

-.009 

-  •!? 

67D1 

+.770 

30.6 

67D2 

.325 

55.2 

btiDl 

.330 

5o.O 

6aD2 

.435 

47.1 

6aD3 

.530 

43.1 

69D1 

.355 

52.1 

69D2 

.465 

44.5 

69D3 

.535 

42.5 

69DU 

.625 

3a. a 
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a  well  at  +0.5J  v.  vs.  S.C.E.,  an  inflection  point  at  +0.93  v.  vs.  S.C.E., 
and  a  peak  at  l.JO  v.  vs.  S.C.E.  The  direct  current  was  2^.h  to  23.6  m. 
lYie  oscillations  are  shown  in  Figure  2U. 

The  capacitance  was  seen  to  decrease  up  to  0.93  v.  and  then  rise  to 
the  peak  of  1.30  v.  The  sine  wave  input  had  no  effect  on  the  oscillations. 
When  the  generator  was  turned  off,  the  oscillations  continued  unchanged  in 
frequency  or  voltage.  Tlie  data  is  summarized  in  Tahle  XVII. 

Hie  constancy  of  R  serves  as  a  check  on  the  assumption  of  the  ideally 

B 

polarized  electrode. 

Thfi  rise  in  capacitance  after  the  inflection  point  indicates  that 
either  an  organic  species  is  desorbing  or  that  an  oxide  la  being  forzned 
simultaneously.  Certainly,  at  -MOO  v.  vs.  S.C.E.  oxides  are  present  on 
the  electrode  surface. 

3.  Double  Layer  Capacitance  on  Plain  Platinum  in  HCOOH  and  IN  H^SO, 

<:  4 

In  an  effort  to  determine  whether  metal  oxides  played  an  important 
role  in  the  galvonostatic  voltage  oscillations  found  in  foxTmic  acid  solutions, 
a  number  of  constant  potential  experiments  were  performed  in  IN  on  a 

platinum  wire  electrode  at  various  concentrations  of  formic  acid.  It  was 
the  purpose  of  the  constant  potential  experiments  to  establish  data  so  that 
l^he  eq^uilibrium  capacitance -potential  relationships  could  be  established. 

Tticn,  using  the  same  apparatus,  but  controlling  the  current,  oscillations 
would  be  generated.  From  measurements  of  the  capacitance-potential  behavior 
during  oscillations,  an  Insight  into  the  processes  occurring  on  the  electrode 
would  be  obtained. 

The  apparatus  and  e^erinental  procedure  has  been  presented  in  Apparatus 
and  E3q)erimental  Procedure  B3b. 
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TABLE  mi 

Capacitance  on  Platinized  Platinum  During  Osclllatlona 

V.  vs.  S.C.E.  C  p.f  R 

_____  ____  _ _  _____  ® 


0.53 

aoo 

13.5 

0.7 

270 

IU.5 

0.93 

215 

lU 

1.1 

320 

lU 

1.30 

350 

lU 
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Four  sets  of  experiments  were  performed  in  IN  at  different  concenp 

trstions  of  foannic  acid;  0  1*36  x  x  and  1.56M  HCOQH* 

l^e  data  are  presented  in  Figure  25;  the  detailed  data  are  tabulated  in 
Appendix  D. 

Ihe  shape  of  the  capacitance-*potential  curve  in  IN  H^SO^  idxen  no  formic 
acid  vas  present  is  similar  to  that  obtained  by  Breiter^  on  platinum  in  IM 
HC10^«  When  no  adsorbable  species  are  present  in  solution^  three  distinct 
regions  can  be  distinguished  for  a  platinum  electrode.  As  Breiter  points 
out^  in  perchloric  acid  hydrogen  is  adsorbed  between  0  and  -tO.ii  v«  vs*  a 
hydrogen  electrode  in  the  same  solution*  Neither  hydrogen  nor  oxygen  is 
adsorbed  betveen  *K)*U  and  'K)*8  v*  where  platinum  behaves  as  an  ideally 
polarizable  electrode.  The  chemisorption  of  oxygen  takes  place  between 
■►0*8  and  ■►l*,^  v.^ 

It  can  l^e  seen  in  Figure  25  that  the  capacitance  decreases  slowly  until 
a  potential  .of  0*8  v*  vs.  has  been  reached*  At  this  point  the  capacitance 
rises  sharply  and  shows  a  peak.  This  increase  has  been  explained  by  Laitenen 
and  Enke^^  i^|5  being  due  to  the  formation  of  an  oxide  layer. 

When  fopnic  acid  is  present  in  the  system  two  changes  in  the  capacitance- 
potential  ciprve  are  apparent*  It  can  be  seen  in  Figure  2$,  that  the  double 
layer  capaci|tance  is  decreased  in  the  region  where  platinum  acts  as  an  ideally 
polarizable  electrode.  Also  the  potential  at  ihich  the  sharp  rise  in  capaci¬ 
tance  occurs,  is  shifted  to  more  anodic  potentials.  These  phenomena  were  also 
observed  on  platinum  by  Breiter^  vhen  amyl  alcohol  was  added  to  perchloric 
ac^d* 

The  lowering  of  the  capacitance  in  the  region  to  ^.8  vs.  with 
increased  fo^nnic  acid  concentration  represents  increased  coverage  of  some 
species  on  the  electrode.  According  to  the  parallel  capacitor  model  (see 
Introduction  BUc.).  By  assuming  coflq>lete  coverage  at  1.56M  HCOOH^  an  esti¬ 
mate  of  the  degree  of  coverage  in  the  intermediate  concentrations  can  be 
made  by  equation  (67)* 
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V  VS  S.C.E. 


Fig.  25  Capacitance  vs.  Potential  ior  r  ormic  AciJ  in 
IN  on  Plain  Platinum. 
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TABLE  mil 

Capacitance  and  Voltage  Data  from  Oscillations  In  1,56M  HCOOH 


and  l.ON  H2S0^  at  35^0  on  a  Plain  Platinum  Electrode 


Run 

V.  vs*  S.C.E* 

C  ttf 

lOlDl 

♦.51 

la 

101D2 

+.61 

I5j 

101D3 

♦»66 

15 

lOlDU 

+.76 

15 

101D5 

♦.a? 

15 

101D6 

♦.a9 

101D7 

+.90 

lOlSd 

+.91 

16 

101139 

♦.92 

16 
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in  order  to  obtain  galvanostatic  voltage  oscillations ^  the  external  cir* 
cuitry  was  modified  so  that  a  constant  ciirrent  could  be  applied.  At  1.56  x  10  M 
HCOOH  no  oacillations  could  be  obtained.  At  1.56  x  10*Hl  HCOOH  oscillationr> 
were  observed  at  0.222  ma.  but  they  were  Irregular j  having  maxima  ranging 
from  *K).ii6  to  -*'0.70  v.  va.  S.C.E.  and  minima  from  '•0.22  to  v.  vs.  S.C.E. 

Furthermore,  these  oscillations  died  out  rapidly,  the  potential  coming  to  rest 
in  the  region  of  potentials  where  oxides  exist  on  the  electrode.  With  a 
concentration  of  1.56M  HCOOH,  however,  fairly  regular  oscillations  were  ob- 
8ez*ved  at  0.138  ma.  Ihe  potential  and  capacitance  data  from  these  oscilla¬ 
tions  is  shown  in  Table  XVIII.  Ihe  oaclllationa  obtained  under  these  con¬ 
ditions  were  different  In  shape  from  those  shown  in  Figure  21  or  2U»  In 
the  oscillations  observed  here,  the  potential  rose  to  a  plateau  near  +0.90  v. 
vs.  S.C.E.  held  at  that  point  for  a  few  seconds  and  then  suddenly  dropped 
to  a  minimum. 

By  comparing  the  data  in  Table  XVIII,  taken  at  constant  current,  with 
the  data  in  Figure  25,  taken  at  constant  potential,  a  surprising  observation 
is  made.  If  the  capacitance  of  the  data  taken  at  constant  current  is  com¬ 
pared  at  the  same  voltage  with  the  capacitance  data  taken  at  constant  vol-' 
tage,  it  is  seen  that  only  the  point  at  +0.51  v.  vs.  S.C.E.  lies  above  the 
constant  voltage  curve. 

Since  oxidea  can  exist  on  the  platinum  electrode  above  0.55  v.  vs.  S.C.E., 

and  oxides  on  platinum  increase  the  double  layer  capacitance,  it  appears  the. 

the  constant  voltage  data  above  +.55  v.  vs.  S.C.E.  represents  a  aurface  partly 

covered  by  oxide  and  partly  covered  by  an  uncharged  organic  species.  Buck, 

et  al,*^^  and  Muller^^  have  shown  that  >dien  a  platinum  surface  is  covered  with 

39 

oxides  the  o^datlon  of  formic  acid  la  completely  inhibited.  Muller's 
current-potential  data,  taken  at  constant  potential,  show  a  decrease  in  current 
with  increasing  potential  in  the  region  +.55  to  +.90  v.  vs.  S.C.E.  with  IN 
HCOOH  and  IN  H2S0^  (see  Figure  ?)•  Thus,  this  concept  of  a  partially  oxide- 
covered  aurface  tiea  together  the  previous  data  with  the  present  work. 
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Then  the  cepacitance  data  of  constant  current  could  correspond  to  a 
build  up  of  adsorbed  species  in  the  region  to  v.  vs«  S*C.E»  No 
oxide  is  present  under  these  conditions. 

Hoveveri  as  the  potential  builds  up,  because  of  the  formation  of  organic 
species,  the  driving  force  for  oxide  formation  increases.  Near  0.9  v.  vs. 
S.C.E.  the  constant  voltage  capacitance  data  in  Figure  25  indicates  that  the 
surface  is  covered  with  oxide  and  no  organic  species  remains  on  the  platinum 
surface.  It  seems  likely  then,  that  at  constant  current  the  oxides  begin 
to  form  near  that  potential.  However,  if  the  adsorbed  species  can  react 
with  the  oxides  then  both  could  be  removed,  and  since  the  potential  is  des¬ 
pondent  on  what  exists  on  the  surface,  the  potential  falls  and  a  new  oscilla¬ 
tion  begins. 

9 

llie  current  peak  near  +1.1  v.  vs.  found  by  Buck,  et  al,"^  could 
possibly  represent  this  oxidation  of  adsorbed  species  by  or  in  the  presence 
of  platinum  oxides.  It  is  suggested  that  cyclic  voltammetry  be  utilized 
to  determine  this  hypothesis.  The  height  of  the  current  peak  at  +1.1  v. 
should  be  examined  as  a  function  of  the  pretreatment  of  the  electrode  ana 
the  speed  of  the  voltage  scan.  If  the  peak  is  due  to  the  oxidation  of 
the  adsorbed  blocking  agent,  then  the  height  of  the  peak  should  increase 
with  increasing  time  between  runs  at  open  circuit. 

D.  Discussion  of  Results  in  Relation  to  the  Work  of  Others 

Ihe  important  results  about  the  electrochemical  oxidation  of  formic  acxa 
on  plain  platinum  that  we  have  found  here  are  stimmarized  as  follows:  Ttic 
minimum  potential  is  due  to  the  presence  of  hydrogen.  Some  uncharged  organic 
species  causes  the  rise  in  potential  from  the  minimum  potential  at  open  ci2> 
cult.  Both  the  hydrogen  and  the  organic  species  are  formed  from  formic  acid 
itself.  'Ihe  organic  species  is  more  difficult  to  oxidize  than  formic  acid 
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mnd  is  strongly  adsorbed  on  the  surface  of  a  plain  platinum  electroae.  Tne 
organic  species  seems  to  be  the  cause  of  the  galvanostatlc  voltage  oscilla* 
tlons*  Platinum  oxide  may  also  play  an  Important  role  in  the  voltage  os* 
cillations. 

Muller  also  felt  that  hydrogen  vas  the  cause  of  the  minimum  potentials. 
However,  he  did  not  believe  that  formic  acid  would  decompose  to  hydrogen  to 
any  great  extent  on  plain  platinum# 

Buclc,  et  al,  noted  that  pretreatment  changed  the  shape  of  the  voltage¬ 
time  curves  observed  in  chronopotentiometry  of  formic  acid  on  platinized 
platinum  foil  electrodes#  Ihey  saw  evidence  that  a  species  more  easily 
oxidized  than  formic  acid  formed  on  the  electrode  when  only  short  times 
between  e3q?criments  were  taken#  TMs  "species"  should  be  adsorbed  hydrogen 
according  tp  our  results#  At  longer  times,  BUck,  et  al,  observed  a  species 
formed  that,  was  more  difficult  to  oxidize  than  formic  acid#  This  latter 
"species",  we  suggest,  corresponds  to  the  "blocking  agent"  which  we  have 
observed  on  plain  platinxam#  Buck,  et  al,  observed  no  change  in  transition 
time  between  the  two  cases  on  platinized  platinvua.  However,  we  believe 
that,  if  lower  formic  acid  concentrations  were  investigated,  so  that  the 
number  of  coulombs  passed  would  be  reduced,  a  plot  of  the  (ioX^^^/C)  product 
vs#  (1/7^  )  would  indicate  the  presence  of  an  adsorbed  species  when  short 
times  are  taken  between  runs#  Also,  if  exceptionally  long  times  are  allowed 
to  pass  between  runs,  a  dependence  of  transition  time  on  time  between  runs 
will  be  noted  due  to  the  "blocking  agent"#  This  latter  effect  would  not  be 
expected  to,. be  as  significant  on  platinized  platlnxam  as  we  have  foxind  on 
plain  platipum  because  of  the  greatly  increased  true  surface  area  of  the 

plated  electrode#  In  these  chronopotentiometric  experiments,  shielded  eleo- 

2 

trodes  are  recommended,  as  suggested  by  Bard,  to  reduce  errors  due  to  local 
convection  caused  by  the  considerable  change  in  density  of  the  products  coin- 
pared  to  the  reactants# 
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Ihe  leading  candidate  for  the  identity  of  the  "'blocking  agent"  is  car<* 
'bon  monoxide*  blocking  agent  is  formed  from  the  chemical  decomposition 
of  formic  acid  and  seems  to  be  more  rapidly  formed  in  acid  solutions*  It 
is  veil  knovn  that  carbon  monoxide  is  a  product  of  formic  acid  decomposition 
in  acid  solutions*  Havel^  et  al^  have  shovn  that  carbon  monoxide  caused 
polarization  in  a  room  teD9>erature  hydrogen  fuel  cell* 

A  possible  key  to  the  identification  of  carbon  monoxide  as  the  strongly 
adsorbed  species  might  be  found  in  the  use  of  cyclic  voltammetry*  One  should 
compare  the  potential  of  the  current  peaks  obtained  in  the  oxidation  of  car¬ 
bon  monoxide  with  the  potentials  of  current  peaks  observed  when  formic  acid 
in  acid  solution  oxidized  after  the  electrode  vas  left  in  solution  for 
thirty  minutes.  Ihen  remove  all  organic  species  from  the  platinum  electrode 
in  formic  acid  by  holding  the  potential  at  some  value  where  organic  species 
cannot  exist.  Immediately  after  breaking  the  circuit  a  voltage^time  sweep 
should  be  opade.  If  there  is  a  cxirrent  peak  corresponding  to  carbon  monoxide 
o^dation  the  formic  acid  oxidation  and  it  has  been  significantly  reduced 
in  relatioi^,  to  the  other  current  peaks,  by  the  latter  pretreatment  strong 
evidence  fc3^  the  identification  of  carbon  monoxide  as  the  "blocking  agent" 
will  have  been  established. 
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V.  CONCLUSIONS 

1.  Ilie  mlalmum  potential  obtained  at  open  circuit  vten.  platinum  oxides 
are  reduced  by  formic  acid  la  due  to  the  presence  of  hydrogen  on  the  electrode. 

2.  The  rise  of  the  potential  at  open  circuit  after  the  minimum  Is  ob¬ 
tained  Is  caused  by  adsorption  of  an  unknown  uncharged  organic  species  on 
the  platinum  electrode. 

J.  Both  the  hydrogen  and  uncharged  organic  species  are  formed  from 
the  chemical  decoiq>o8ltlon  of  formic  acid. 

U.  The  adsorbed  organic  species  Is  more  difficult  to  oxidize  than 
formic  acid.  There  are  strong  Indications  that  this  unknown  species  Is  ca]> 
bon  monoxide. 

3.  The  organic  species  seems  to  be  the  cause  of  the  galvanostatlc 
voltage  oscillations.  Platinum  oxide  may  also  play  an  important  role  In 
the  voltage. oscillations. 
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VI.  RECOMMENDATIONS 

1.  In  order  to  determine  whether  carbon  monoxide  Is  the  uncharged ^ 
strongly  adsorbed  organic  species  responsible  for  "biocKlng*'  the  electrode 
the  following  experiment  is  recommended.  A  voltage-time  sweep  of  an  acid 
solution  saturated  with  carbon  monoxide  should  be  made  on  a  platinum  eiec-> 
trode.  Next,  a  voltage-time  sweep  of  a  solution  of  formic  acid  at  the  same 
pH  should  be  carried  out  on  the  same  electrode.  The  electrode  should  be 
left  in  the  formic  acid  solution  for  thirty  minutes  at  open  circuit.  The 
potential  at  which  the  voltage  sweep  Is  initiated  should  correspond  to  the 
final  open  circuit  potential  of  the  platinum  electrode.  The  potentials  at 
which  the  current  peaks  were  obtained  in  these  two  experiments  should  be 
compared.  If  there  is  a  carbon  monoxide  oxidation  peak  at  a  potential 
corresponding  to  a  peak  observed  In  the  formic  acid  oxidation,  one  more 
experiment  should  be  carried  out. 

All  organic  species  should  be  removed  from  the  platinum  electrode  by 
holding  thcppotentlal  of  the  electrode  for  sixty  seconds  at  a  potential 
where  no  organic  species  can  exist.  Next,  break  the  circuit  holding  the 
potential  and  the  potential  will  drop  rapidly  at  open  circuit  to  the  mini¬ 
mum  potential*  Immediately  after  the  minimum  potential  is  established  a 
voltage-time  sweep  should  be  started.  The  Initial  potential  of  the  voltage 
sweep  should  coz*respoad  to  the  potential  of  the  electrode  at  open  circuit 
Ifuuedlately  before  the  sweep.  If  the  current  peak  common  to  both  the 
oxidation  of  formic  acid  and  carbon  monoxide  is  reduced  relative  to  the 
other  formic  acid  current  peaks,  strong  evidence  for  the  Identification 
of  carbon  monoxide  as  the  "blocking  agent"  will  have  been  established. 

2.  Chronopotentioaetrlc  experiments  on  plated  noble  electrodes  at  low 
formic  acid  concentrations  should  be  atteiqpted  to  confirm  the  existence  of 
adsorbed  hydrogen  on  these  electrodes.  By  examining  the  effect  of  time 
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between  runs  on  the  transition  time  one  may  be  able  to  determine  the  inter¬ 
action  between  the  adsorbed  hydrogen  and  the  blocking  agent*  In  these 

chronopotentlometrie  experiments^  shielded  electrodes  are  recommenced^  as 
2 

suggested  by  Bard* 
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VII.  APPENDIX 

A.  Supplementary  Results  and  Plscus»lon 

1.  Unusual  Potential  Behavior  In  the  ftreaence  of  Carbon  Monoxide 

2 

When  a  current  pulse  of  10  to  11  oa/czn  vas  applied  to  the  plain  platinum 
electrode  la  IN  HCOOH  at  a  pH  of  5 #72  la  the  presence  of  carbon  monoxide  the 
potential  was  seen  to  rise  with  time  for  a  period  of  about  one  to  two  seconds 
after  the  current  vas  turned  off.  This  effect  vas  not  observed  when  nitrogen 
vas  bubbled  through  the  solution  under  the  same  conditions#  Ihe  potential 
was  seen  to  rise  after  current  cut  off  and  then  sharply  drop  to  a  minimum 
value.  These  observations  are  tabulated  in  Ihble  XIX. 

It  can  be  seen  from  Thble  XIX  that  the  increase  in  polarization  after 
current  cut  off,  A  V,  vas  greatest  idien  the  current  pulse  vas  long,  i.e., 
vas  high  and  when  the  pulse  vas  started  shortly  after  the  previous  mini¬ 
mum,  i.e.,  Vo  was  lov.  The  former  is  seen  by  comparing  A  V  values  at 
the  beginni^  of  Thble  XIX  with  those  at  the  end,  since  the  data  in  Tdble 
XIX  are  arranged  in  order  of  increasing  V^#  The  latter  effect  is  shown 
clearly  in  the  data  at  •  #000  v.  vs#  S.C.E.  Uader  this  condition,  two 
runs  (7^  x  ^•7)  were  carried  out  where  V*  was  close  to  the  steady  state 
value  yielding  values  of  A  V  equal  to  165  and  175  mv.,  while  two  other 
r^ns  (75  x  17,  13)  were  started  much  closer  to  the  minimvim  potential  and 
yielded  values  of  A  V  equal  to  205  and  210  sxv# 

The  effect  of  increased  polarization  after  current  cut  off  vas  noted 
at  other  pH  values  when  carbon  monoxide  vas  present  but  not  investigated 
quantitatively#  Further  eogperiments  are  necessary  in  order  to  clarify  this 
unusual  phenomena. 

2*  Observations  on  Current-Potential  Curves 

When  a  plain  platinum  electrode  was  placed  in  a  concentrated  formic 
acid  solution  so  that  diffusion  would  not  be  important  the  following  general 
trends  were  observed  \mder  galvanostatic  conditions.  If  the  electrode  was 
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TABLE  XIX 


Unusual  Behavior  of  Potential  in  Presence  of  Carbon 

Monoxide 

and  IN  Formic  Acid:  Rise  of 

Potential  after  Current 

Cut  Off 

on  Plain  Platinum  at  35*0  and  pH  5*72 

Run 

V, 

V. 

Av 

Va  Vs#  SaCi 

,E.^ 

mv 

75X10 

-.325 

-.275 

65 

75X1B 

-.310 

-.250 

100 

75X12 

-.315 

-.250 

105 

75X11* 

-.315 

-.250 

65 

75X11 

-.315 

-.250 

no 

75X16 

-.305 

-.150 

130 

75X15 

-.305 

-.120 

155 

75X3 

-.270 

-.01*0 

165 

75X2 

-.260 

-.050 

170 

75X1 

-.270 

-.060 

170 

75X17 

-.375*'' 

-.000 

205 

75X13 

-.360^ 

.000 

210 

75Xb 

-.315 

.000 

165 

75)C7 

-.295 

.000 

.175 

75X9 

-.305 

+.050 

155 

75X5 

-.320 

+.100 

160 

76XU 

-.315 

+.100 

160 

75X6 

-.315 

+.165 

160 
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TABLE  XIX  (Continued) 


Bate  of  rise  after  current  cut  off  about  130  mr/aec. 


V*  -  potential  at  start  of  current  pulse 
>  potential  at  end  of  current  pulse 
A  V  -  change  of  potential  after  current  cut  off 

All  voltages  -  .005  v,  or  -  5  nv 

Indicatec  x*uxi  vms  atarted  during  time  of  rapid  rise  of  potential  from 
aauxmumo  All  other  runs  vere  started  close  to  steady  state  potential. 


left  in  solution  until  a  steady  state  open  circuit  potential  was  attained, 
over  thirty  minutes,  and  then  current  applied,  the  potential  would  rise 
sharply  and  then  level  off  to  a  constant  value  (see  Figure  26a. )•  If  the 
current  was  decreased  at  this  point,  the  potential  dropped  rapidly  hut  then 
rose  slowly  to  a  steady  value  (see  Figure  26h.).  If  the  current  was  in¬ 
creased  at  this  point,  the  potential  would  rise  sharply,  as  before,  and 
then  decrease  to  a  steady  value  (see  Figure  26c.  )•  When  the  current  was 
increased  still  higher  and  the  potential  would  rise,  the  onset  of  oscilla¬ 
tions  was  observed. 

Unfortunately,  a  given  constant  voltage  did  not  correspond  to  a  certain 
voltage  on  plain  platinum  so  that  a  quantitative  investigation  of  this  stran^^; 
behavior  was  not  undertaken*  However,  a  qualitative  explanation  is  offered. 

It  has  beeUf  assumed  before  that  some  species  forma  chemically  from  the  de¬ 
composition  of  formic  acid.  Oliis  species  is  adsorbed  on  the  platinum  elec¬ 
trode  blocking  the  surface  and  inhibiting  further  reaction. 

From  this  basis,  let  us  now  examine  the  qualitative  phenomena  in  Figure 
2o.  As  the  current  is  increased  from  0  to  some  small  value  at  point  1  in 
Figxire  2lia,  the  potential  first  rises  then  slowly  drops.  It  has  been  shown 
that  the  blocking  agent  la  oxidizable*  Ibus,  it  seems  that  the  equilibrium 
coverage  of  this  species  decreases  with  increasing  voltage.  Immediately  at 
point  1,  the  coverage  la  nearly  the  same  as  when  no  current  was  flowing* 
However,  some  of  the  speciea  la  slowly  oxidized  and  the  potential  drops. 

Similarly  at  point  2  when  the  current  la  decreased,  the  coverage  of 
the  "blocking  agent"  is  at  first  low,  then  slowly  builds  up  to  a  steady 
state  value. 

It  must  be  noted  that  other  8isq>le  explanations  do  not  account  for  this 
"overshooting"  effect*  For  example,  if  diffusion  were  iD^ortant  the  effect 
would  be  exactly  opposite*  The  potential  would  tend  to  rise  slowly  to  a 
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TIME  — - 


1  CURRENT  INCREASED  FROM  0 

2  CURRENT  DECREASED 

3  CURRENT  INCREASED 

Fig.  26  Current-Potential  Observations  for  Formic  Acid 
under  Galvanostatic  Conditions  in  Low  Potential 
Region, 
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steady  state  value  vhen  the  current  vaa  Increased  and  fall  slowly  to  a  con* 
stant  value  vhen  the  current  was  decreased.  A  large  capacitance  effect^ 
hardly  likely  on  a  plain  platinum  electrode  would  have  the  same  effect  as 
diffusion. 

A  decrease  in  extent  of  coverage  of  the  "blocking  agent"  with  increased 
potential  is  not  possible  in  the  low  potential  region  If  the  "blocking  agent" 
were  a  negatively  charged  speclesj  such  as  formate  Ion.  But  it  is  possible 
If  this  species  Is  an  lancharged  molecule.  The  indication  that  high  currents 
can  be  carried  when  the  blocking  agent  is  not  allowed  to  fora  first  gives 
further  support  to  this  theory. 

B.  Standardization  of  Equipment 
The  Sarijgeant  MR  Recorder 

The  Sargeant  MR  voltage  recorder  was  standardized  internally  by  mercury 
calls.  Periodically  this  recorder  was  checked  against  the  potential  of  a 
Weston  cell  and  found  to  be  perfectly  accurate  within  the  degree  of  accuracy 
of  the  reading  of  the  potential  (one  to  two  parts  per  thousand). 

2.  The  Weston  911  Ammeter 

The  Weston  911  ammeter  was  calibrated  against  the  Sargeant  MR  recorder 
operating  as  a  current  measuring  device.  The  accuracy  of  the  ammeter  was 
limited  only  by  the  degree  precision  at  ^diich  the  current  could  be  read^ 
about  one  part  in  one  hundred. 

3.  The  Tektronix  502  Oscilloacope 

The  Tdtronlx  $02  Oscilloscope  was  standardized  in  two  ways*  The  time 
sweep  was  checked  with  the  Hewlett-Packard  202 A  function  generator.  The 
d.c.  voltage  diaplacement  was  checked  with  the  Sargeant  MR  voltage  recorder. 
The  accuracy  of  the  reading  was  limited  by  the  precision  at  which  the  oacillo* 
acope  could  be  read^  plus  or  minus  two  per  cent  of  full  scale  reading. 
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li«  The  Resistor 

llie  10^-^  resistor  wms  mjide  one  srm  of  m  bridge  circuit*  'Die  other 
resistors  la  the  circuit  were  one  per  cent  precision  resistors*  'Die  resis¬ 
tance  vas  measured  as  a  function  of  frequency  of  a  sine  wave  a*c*  signal 
generated  by  the  Hewlett-Packard  function  generator*  Die  ToM^oaix  502A 
oscilloscope  served  as  a  balancing  instrument*  Die  resistances  obtained 
and  the  wave  length  of  the  a*c*  signal  are  tabulated  below* 


R 

X 

X  10^ 

■3 

X  10  lec 

1.016 

5.3  X  .1 

1.016 

6.1  X  .5 

1.016 

6.1  X  .5 

i.oia 

6.1  X  0.o5 

5*  B^ickiiiart  Calomel  Reference  Electrodes 

The  Beckman  Calomel  reference  electrode  vas  periodically  checked 
against  a  fresh  Beckman  Calomel  reference  electrode*  Die  maximum  disparity 
found  vas  two  millivolts* 


C*  Sample  Calculations 

In  order  to  make  sure  that  a  nuuiber  of  chronopotentiometric  runs  in 
one  solution  did  not  change  the  concentration  of  the  solution^  the  following 
calculation  vas  performed* 

For  a  diffusion  controlled  process  with  no  kinetic  effect^ 

17-1/2  .  A  C*  a  P  it 

It  2 


(92) 
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where  i  is  the  current  in  anpereg,  T*  is  the  transition  time  in  seconds, 

A  is  the  area  for  the  diffusion  front  in  square  centimeters,  is  the 
concentration  in  moles  per  cubic  centimeter,  n  is  the  nxinber  of  electrons 
per  mole.  Do  is  the  diffusivity  in  square  centimeters  per  second,  and 
has  its  usual  significance*  Tne  number  of  moles  used  up  if  all  the  coulombs 
passed  vent  to  the  decomposition  of  formic  acid  is, 

t  T*  ■=  n  F  M  (93) 

Where  M  is  the  number  of  moles  decoiqposed*  Since  the  anode  coispartment  of 
the  cell  had  a  capacity  of  100  cubic  centimeters,  the  number  of  moles,  M, 
is, 

C*  X  iCX)  -  M  (94) 

If  we  restrict  the  change  in  M  to  two  per  cent,  then 

M  -  C*  X  2  (91>) 

sad  combining  equations  (92)  through  (9i>)f 

A  C*  n  F  dV^TT -^2  ^ 

“  h  n  F  ~ 

or,  after  rearranging  and  canceling  terms, 

»  4/Dy277-V2 

-5  2 

For  a  diffusivity  of  10  cm  /  sec 

A  7*1/2  .  7.13  X  lo2 

2 

Since  A  never  exceeded  7  cm  ,  the  sum  of  the  transition  times  in  one 
solution  should  not  exceed  10*000  seconds*  In  our  work  no  transition  time 
longer  than  two  minutes  was  carried  out  and  no  more  than  twenty  runs  were 
made  in  tne  same  solution,  so  that  the  chronopotentiometric  runs  did  not 
appreciably  change  the  concentration  of  the  solution* 
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D.  Suim.'ary  of  Pat* 
TABli;  XX 


SuRunary  of  Data  Shoving  Influence  of 

Pretreatraent  on 

Chronopotentlometric 

Transition  Time 

on  Plain  Platinum 

in  O.OIM  HCOOH  and  O.IM  Na^HPO 

^  at  33*0 

Hun 

T 

1 

Q 

sec 

ma 

sec 

ma.  sec. 

J2X2 

1«0 

.620 

13-1/2 

402 

32X3 

lao 

.620 

m 

3Y3 

32XU 

IttO 

.620 

Hi 

369 

32X3 

160 

.620 

14- V  2 

342 

32Xt. 

160 

.620 

14 

356 

32X/ 

160 

.620 

14-1/2 

3T( 

32Xrt 

160 

.620 

14-1/2 

345 

32Xy 

160 

.620 

14-4/2 

313 

32X10 

160 

.620 

14-1/2 

264 

32X11 

160 

.620 

14-1/2 

274 

32X12 

160 

.620 

14-1/2 

260 

32X13 

160 

.620 

14 

27Y 

32X14 

160 

.620 

15 

262 

32X16 

90 

.622 

15 

332 

32X1Y 

90 

.622 

14-1/2 

296 

32Xia 

90 

.622 

17-1/2 

326 

32X19 

90 

.622 

15 

326 

32X20 

90 

.622 

14-1/2 

346 
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TABLI!  XX  (Continued) 


Run 

T 

■ec 

i 

na 

Q 

sec 

ixV2 

^  l/‘ 

m*.  sec. 

32X21 

90 

.622 

15 

340 

32X22 

90 

.622 

14-V2 

354 

32X23 

90 

.622 

14-1/2 

362 

32X24 

90 

.622 

14 

335 

32X25 

90 

.622 

15 

362 

32X26 

90 

.622 

15 

343 

32X27 

90 

.622 

15 

357 

32X20 

360 

.615 

14- V  2 

165 

32X29 

360 

.615 

15 

135 

32X30 

360 

.615 

15 

106 

32X31 

360 

.605 

15-1/2 

100 

32X32 

360 

.605 

15 

9a 

32X33 

90 

.622 

15-1/2 

236 

32X34 

90 

.622 

15 

271 

32X35 

90 

.622 

15 

261 

32X36 

90 

.622 

14 

295 

32X37 

90 

.622 

14-1/2 

302 

32X30 

90 

.622 

15 

317 

33X1 

90 

.622 

14-1/2 

323 

33X2 

90 

.622 

14 

317 

33X3 

90 

CM 

CM 

o 

• 

14-1/2 

331 

33X4 

90 

.622 

15 

349 

33X5 

90 

.622 

14-1/2 

332 

TABLE  XX  (Coatinued) 


Run 

T 

sec 

i 

ma 

Q 

see 

^  1/1 
ma.  sec. 

3JX6 

90 

.622 

14-1/2 

332 

33X7 

90 

.622 

15 

357 

33X6 

90 

.622 

14-1/2 

354 

33x9 

160 

.620 

49-1/2 

340 

33X10 

160 

.620 

50 

364 

33X11 

160 

.620 

49-1/2 

364 

33X12 

160 

.620 

50 

364 

33X13 

160 

.620 

50 

367 

33XUi 

160 

.620 

50 

352 

33x15 

160 

.620 

50 

367 

33X16 

90 

.620 

50 

395 

33X17 

90 

.620 

50 

397 

33X16 

90 

.620 

50 

407 

33x19 

90 

.620 

50 

390 

33x20 

90 

.620 

50-1/2 

3tt4 

33X21 

90 

.620 

50-1/2 

392 

33X22 

90 

.620 

50-1/2 

395 

33X23 

360 

.615 

51 

190 

33X21i 

360 

.615 

50-1/2 

162 

33x25 

360 

.615 

50-1/2 

139 

33X26 

360 

.610 

50-1/2 

121 

33X27 

360 

.610 

50-1/2 

116 

33X26 

360 

.610 

50 

129 

140 


Run 


33X29 

33X30 

33X31 

33X32 

33X33 

33X3li 

33X35 

33X36 

33X37 

33X36 


TABLE  XX  (Coatiaued) 

T  i  © 

Btc  m*  sec 


ma 


,  6ec7'^  1./ 


90 

.622 

50-1/2 

296 

90 

.622 

50-1/2 

31i* 

90 

.622 

50 

3ii9 

90 

.622 

50-1/2 

3ii6 

90 

.622 

50-1/2 

351 

90 

.622 

50 

3U1 

90 

.622 

50 

3iil 

90 

.622 

50-V2 

332 

90 

.622 

50 

327 

90 

.622 

50-1/2 

31|6 
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TABLE  XXI 


Summary  of  Data  on  Minimum  Open  Circuit 

Potentials 

HCOOH 

38-X  Runs 

_ _ pH  4.39 _ 

i  =  10.5  -  11«5  ma. 

No  nitrogen  bubbled  during  minimum 

-.376  -.353 

-.366  V.  vs.  S.C.E. 

-.377 

-.358 

-.342 

-.377 

-.341 

-.334 

-.345 

-.348 

-.372 

-.361 

-.352 

-.34s 

-.352 

1 

• 

0 

-.347 

-.367 

-.350 

Nitrogen  bubbled 


1  «  67-1/2  -  72-1/2  ma. 


-.468 


-.471 


-.477 

-.479 

-.473 

-.477 


-.472 

-.470 

-.471 

-.472 
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IM  HCOOH 

No  nitrogen  bubbled 

-.34g 

No  nitrogen  bubbled 

-.346 


TABLE  XXl  (Continued) 
59”'X  Runs 
35*c 


-.353 


pH  5.72 

i  *  40  -  45  nia. 
-.340  V.  vs.  S.C.E. 

i  =  70  -  75  ma. 

-.350 


Nitrogen  bubbled 


1  a  70  -  go  ma. 


-.527 

-.543 

-.538 

-.549 

-.537 

-.547 

-•538 

-.550 

-.545 

-.547 

-.546 

-.550 

-.547 
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TABLE  XXI  (Continued) 
60>X  Runs 


IM  HCOOH 

35*0 

pH  2.61 

Nitrogen  bubbled 

i  ■  44  -  49  Dia 

-331 

-.350 

-355 

0 

e 

1 

-354 

-352 

-.350 

-.363 

-.356 

-.343 

-355 

-359 

1 

e 

H 

-355 

-358 

Carbon  dioxide  bubbled 

-.3’43 
-330 
-.346 
-350 
-334 
-352 


-315 

-.324 

-350 

-.349 

-.340 


-353 

-.342 

—350 

-335 

-.348 
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TABLE  XXI  (Continued) 
6l-X  Runs 


IM  HCOCH 

o 

o 

pH  11.32 

No  nitrogen  bubbled 

i  K  go  -  90  ma. 

-.696 

-.679 

-.703 

-.700 

-.698 

-.690 

Nitrogen  b\ibbled 

1  «  75  -  85  ma. 

-.750 

-.750 

-.750 

-.750 

-.750 

Carbon  dioxide  bubbled 

1  “  75  -  85  ma. 

••  1 

-.795 

-.735 

-.740 

-.735 

-.750 

-.73^^ 

-.735 
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TABLE  XXI  (Continued) 
62-X  Runs 


IM  HCCPH 

pH  3.50 

No  nltrog^  bubbled 

i  ■  69  -  70  ma. 

-.28!9 

-.278 

-.292 

-.283 

O 

• 

1 

-.292 

-.238 

-.296 

-.292 

-.288 

-.284 

Nitrogen  bubbled 

i  ■  62  -  67  ma. 

-.410 

-.420 

-.420 

-.412 

e 

1 

-,4l4 

-.4l6 

-.432 

-.416 

-.418 

-.444 

-.409 

-.416 

-.423 

-.412 

-.419 

-.430 

Carbon  dioxide  bubbled 

1  ■  62  -  67  ma. 

-.417 

-.4U 

-.412 

-.418 

-.1120 

-.412 

-.410 
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TABLE  XXI  (Continued) 
63-X  Runs 


IM  HCOOH 

_35“C  _ 

pH  3.03 

No  nltrogian  bubbled 

i  *  40  -  45  ma. 

-.282 

-.28^1 

..321 

-.2<i6 

-.296 

-.315 

-.257 

-.314 

-.309 

-.291 

-.300 

-.314 

-.276 

-.321 

-.320 

-.2^9 

-.304 

-.310 

-.30U 

-.303 

Nitrogen  bubbled 

1  =40-45  ma. 

-.379 

-.384 

-.387 

-.377 

-.379 

-.385 

-.577 

-.387 

-.386 

-.383 

-.390 

-.386 

-.382 

Carbon  dioxide  bubbled 

i  ■  40  -  45  ma. 

-.383 

-.380 

-.388 

-.384 

-.378 

-.388 

-.386 

-.392 

-.385 

-383 

-.309 

-.388 

-.388 

TABLE  XXI  (Continued) 


GU-X  Runs 


IK  HCOOH 

._35"C,  _ 

pH  0.68 

No  nitrogen  btibbled 

i  ■  28  -  30  Jne. 

-.110 

-.132 

-.130 

-.103  , 

-.124 

-.160 

-.156 

-.133 

-.132 

-.138 

-.104 

-.138 

-.135 

-.129 

Nitrogen  btibbled 

i  a  28  -  30  me. 

-.150 

-.162 

-.163 

-.164 

-.164 

-.165 

Carbon  dioxide  bubbled 

i  a  28  -  30  ma. 

-.152 

-.160 

-.162 
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TABLE  m  (Continued) 
65-X  R\ins 


IK  HCOOH 

350c 

5M  H^SO^ 

Nitirogen  bubbled 

1  ■  45  -  50 

+.35 

+.31 

+.30 

+  .38 

+.30 

+.35 

+.39 

+.21 

+.45 
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TABLE  XXI  (Continued) 
66>X  Rune 


IM  HCOOH 

6o*c 

pH  =  0.68 

No  nitrogen  bubbled 

1  B  40  -  30  ma. 

-.323 

-.142 

-.147 

-.130 

-.3M3 

-.136 

-.320 

-.142 

-.160 

—138 

Nitrogen  bubbled 

1  ■  40  -  50  ma. 

-.191 

-.190 

-.190 

-.190 

-.187 

-.194 

-.I?? 

-.187 

Carbon  dioxide 

1  ■  40  -  9c  >na« 

1 

k 

-.193 

-.194 

-.195 

-.192 

-.195 

TABLE  XXI  (Continued) 


68-X  Rune 


IM  HCOOH 

pH  0.68 

Nitrogen  bubbled 

i  3  11  ma. 

-.160 

-.160 

-.160 

-.165 

-.188 

-.150 

-.153 

-.193 

25. 6® /o  CO  bubbled 

i  •>  11  ma. 

-.241 

-.250 

-.251 

-.250 

61.5® /o  CO  bubbled 

-.254 

-.260 

-.261 

-.260 

-.264 

-.270 

-.260 

-.264 

100® /«  CO  bubbled 

1  »  11  roa. 

-.252 

-.281 

-.285 

-.281 

-.281 

-.284 
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Nitrogen  bubbled 


-.333 

-.337 

-.343 


1  B  10  ma. 

-.345 

-.345 

-.350 


Nitrogen  bubbled 


37.5“/,  CO  bubbled 


1  ■  20  ma< 

-.362 

-.362 

-.362 

-.364 

i  B  20  ma* 

-.360 

-.363 


52.4»/o  CO  bubbled 


i  •  20  ma. 


-.376 
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TABLE  XXI  (Continued) 
69“X  Runs 


3M  HCOOH 

^35*c 

pH  2.61 

6g,7*/o  CO  bubbled 

i  ■  20  ina. 

-.378 

-.380 

-.381 

-375 

-379 

-.377 

100“ /„  CO  bubbled 

i  B  20  ma. 

—377 

-.389 

-.388 

-.384 

-.392 

-392 

-.390 

-.380 

-393 

—  384 

-.394 

Nitrogen  bubbled 

2  to  3  minutes  after  CO 

off 

i  B  20  ma. 

-.37b 

-390 

—382 

-.385 

Nitrogen  b\ibbled 

45  minutes  after  CO  off 

i  B  20  ma. 

-.314 

-.348 

-345 

-.3?7 

-.350 

-.357 

-.342 

—.360 

-.359  • 

-337 

-.340 

-.346 

C\i 

1 

-.351 

-.359 
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TABLE  XXI  (Continued) 
G9-X  Runs 


IM  HCOOl 

35“C 

pH  2.61 

55“ /o  CO 

Immediately  after  last  xnms 

1  >  20  ma. 

-^352 

-356 

-366 

—352 

-370 

-372 

78“ /o  CO 

1  ■  20  ma. 

-374 

-377 

-376 

-375 

-375 

-385 

-370 

—380 

-385 

-370 

-383 

—380 
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TABLE  XXI  (Continued) 
71-X  Runs 


m  KCOOH 

35®C 

pH  5.72 

Nitrogen  bxibbled 

i  e  11  ma. 

-.523 

-.530 

-.538 

-.525 

-.535 

-.540 

-.525 

-.538 

-.525 

-.535 

19® /o  CO  bubbled 

i  >  11  iTia. 

-.561 

-.561 

-.565 

-.55« 

-.570 

-.563 

-.56^ 

-.570 

-.574 

-.571 

-.561 

-.560 

-.571 

-.570 

-.574 

-.565 

-.560 

100« /,  CO  bubbled 

1  s  11  ma. 

-.SU2 

-.625 

-.545 

-.566 

-.570 

-.578 

-.575 

-.570 

-.547 

-.610 

-.575 

-.560 

-.572 

-.579 

-.550 

-.5b4 

-.582 

-.573 
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TABLE  XXI  (Continued) 


87-D  Runs 


IM  HCOOH 

35*C 

pH  4.39 

Nitrogen  bubbled 

1  ■  10  ma. 

-.464 

-.468 

-.466 

-.467 

1 

• 

O 

COg  bubbled 

1  ■>  10  ma. 

-.442 

-.475 

-.467 

-.462 

-.475 

CO  bubbled 

1  *  10  ma. 

-.480 

-.497 

-.505 

-.491 

-.500 

-.505 

-.497 

-.500 

-.441 

-.505 

Nitrogen  bubbled 

6o  minutes  after  00  off 

1  «  10  ma. 

-.454 

-.468 

-.472 

-.480 
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TABLE  XXII 


Double  Layer  Capacitance  Measurements  on  Plain  Platinum 
in  IM  at  35*C  at  Constant  Potential 

95-D  Runs 
no  acOOH 


Run 

V. 

vs  *  S • Ce  Ze 

X  axis 

X  SOyVsec. 

7  axis 

X  1  m. 

X  10  amps . 

C 

nf 

1 

1.15-1/& 

5.7 

5.0 

.  6.2x2 

70-1/2 

2 

.86 

6.6 

5.0 

8.5x1 

56 

3 

1.55 

5.1 

5.0 

7.6x2 

77-1/2 

4 

1.04 

6.6 

5.0 

9.2x1 

60-1/2 

5 

.74 

6.4 

5.0 

9.2x1 

59 

6 

.17 

6.4 

5.0 

6.3x1 

4o 

7 

.  .45-1/2 

5.7 

5.0 

6.3x1 

36 

8 

..07 

5.0 

5.0 

8.5x1 

42-1/2 

9 

.63 

5.7 

5.0 

6.2x2 

71 

10 

.55 

5.3 

5.0 

5.9x1 

31 

11 

..66 

7.1 

5.0 

4.8x2 

68 

12 

.96 

6.7 

5.0 

8.8x1 

59 
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TABLE  XXn  (Continued) 
97-D  Runs 

1.56  X  10"^M  HCOOH 


Run 

V. 

VS  e  .S  •  C •  £t 

X  axis 

X  50/<©ee. 

7  axis 

X  1  nnr. 

igc 

X  10  amps  • 

c 

nf 

1 

.24 

5.0 

5.0 

8.7X.5 

22 

2 

.gg-1/2 

7.3 

5.0 

lO.Qxl 

73 

3 

.32 

6.4 

5.0 

6.6x.5 

21 

4 

1.01 

6,0 

5.0 

6.5x.2 

78 

5 

.77 

7.0 

5.0 

10. Ox. 5 

35 

6 

.66 

5.1 

5.0 

10. Ox. 5 

25-1/2 

7 

.59 

5.3 

5.0 

lO.Qx.l 

26-1/2 

g 

1.23 

7.7 

5.0 

lO.Ox.5 

77 

9 

.56 

5.1 

5.0 

lO.Qx.5 

25-1/2 

10 

.01 

4.g 

5.0 

10. Ox. 5 

24 

11 

.42-1/2 

5.0 

5.0 

10. Ox, 5 

25 
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TABLE  XXn  (Continued) 

98>D  Runs 
1.56  X  10“^  HCOM 


Run 

V. 

vs  •  S  •  G«  S« 

X  axis 

X  5OiM3BC0 

7  axis 

X  1  imr. 

is® 

X  10  amps* 

c 

nf 

1 

0.55 

6.2 

5.0 

7.5X.5 

23 

2 

o.jg 

5.2 

5.0 

7.5X.5 

19-1/: 

3 

1.27 

6.1 

5.0 

lO.Ox.l 

61 

4 

1.01 

7.0 

5.0 

lO.Ox.l 

70 

5 

.93 

7.5 

5.0 

lO.Qx.l 

75 

6 

.85 

5.9 

5.0 

lO.Ox.l 

59 

7 

.69 

5.0 

5.0 

lO.Qx.5 

25 

8 

.23 

4.8 

5.0 

10. Ox. 5 

24 

9 

1.50 

5.8 

5.0 

10.0x1.0 

58 

10 

.06 

4.4 

5.0 

io.ox.5 

22 
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TABLE  mi  (Continued) 

100»D  Runs 
I.56H  HCOOH 


Run 

V# 

vs*  S*C*£« 

X  axis 

X  50xseo. 

y  axis 

X  1  mv. 

it® 

X  10  amps. 

C 

_  _  tif 

6 

1.03 

6.7 

5.0 

10.0x1 

67 

7 

.52 

6.4 

5.0 

lO.Ox.2 

13 

8 

.43 

6.6 

5.0 

lO.Ox.2 

12 

9 

1.25 

5.8 

5.0 

10.0x1 

58 

10 

.30 

7.8 

5.0 

10.  Ox  .2 

15-1/2 

11 

.81 

7.6 

5.0 

10. Ox. 5 

38 

12 

.69 

5.0 

5.0 

10. Ox. 5 

25 

13 

.03 

8.9 

5.0 

lO.Qx.2 

18 

I6l 


C 

C* 

D 

E 

e* 

F 

f 

G 

G* 

h 

!• 

i 

lo 

!• 

K 

KWH 

k 

NCE 

a 

P 

q;; 

R 

SCE 

T 

T 

t 

V 

7* 

V 
X 

Z 


E«  Noroenclature 

coneeatratloa^  capacitamce 

initial  concentratipa 

average  double  layer  capacitance 

diffuaivil^ 

potential 

electron 

Faraday's  nuaber 
farad 

free  energy 

free  energy  of  activation 

2 

atoma  of  hydrogen  per  cm* 
exchange  current 
current 

current  density 

amplitude  of  alternating  cxurrent 

constant 

kilowatt  hour 

rate  constant 

nomal  calomel  electrode 

nusiber  of  electrons 

presswe 

charge 

gas  constant,  resistance 

saturated  calomel  electrode 

temperature 

tine,  see  Figure  16 

tine 

voltage 

rate 

volt 

distance 

charge  per  ion,  inpedanae 
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r 


truisfer  coefflcleat 
Doles  per  \mlt  area  adsorbed 
see  eq;uatloB  (U7) 
ovez^oteatlal 
tloe,  see  Flgiire  lU 
see  equation  (U5) 
cbeoical  potential 
electrochemical  potential 
nunber  of  particles 
transition  tiae 
inner  electrical  potential 
phase  angle 
resistance,  ohns 


Subscripts 

e  equilibriuD  ralue,  eleetroohenical  reaction 

t  total 

1  double  layer 

solution,  series  eirouit 


s 
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F.  Location  of  Original  Data 

The  original  data  are  located  la  three  aotehooks  ^ich  are  la  the 
posaesaloa  of  Professor  Charles  Nt  Satterfield,  Depertauat  of 
Chemical  Englaeeriag. 


G.  Llnlts  of  Literature  Survey 

The  literature  survey  covered  the  period  froa  about  1920  to  December, 
1962.  Any  references  cited  for  work  prior  ta  1920  were  for  the  primary 
purpose  of  developing  historical  backgrouad* 
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I*  Blopyphlcal  Note 
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